Syntesis, characterization and photo catalytic performance of metal doped semiconductors by Raza, Waseem
 
 
Synthesis Characterization and Photocatalytic 
Performance of Metal-Doped Semiconductors 
 
THESIS 
 
SUBMITTED FOR THE AWARD OF THE DEGREE OF 
 
 
Doctor of Philosophy 
In 
Chemistry 
 
 
BY 
Waseem raza 
 
 
 
UNDER THE SUPERVISION OF 
PROF. M. MUNEER 
 
DEPARTMENT OF CHEMISTRY 
ALIGARH MUSLIM UNIVERSITY 
ALIGARH (INDIA) 
2016 
 
  
 
 
Synthesis, Characterization and Photocatalytic 
Performance of Metal-Doped Semiconductors 
 
THESIS 
 
SUBMITTED FOR THE AWARD OF THE DEGREE OF 
 
 
Doctor of Philosophy 
In 
Chemistry 
 
 
BY 
Waseem raza 
 
 
 
UNDER THE SUPERVISION OF 
PROF. M. MUNEER 
 
DEPARTMENT OF CHEMISTRY 
ALIGARH MUSLIM UNIVERSITY 
ALIGARH (INDIA) 
2016 
  
 
 
CANDIDATE’S DECLARATION 
 
 
 I, Waseem Raza, Department of Chemistry certify that the work embodied in this 
Ph.D thesis is my own bonafide work carried out by me under the supervision of Prof. M. 
Muneer at Aligarh Muslim University, Aligarh. The matter embodied in this Ph.D. thesis has 
not been submitted elsewhere for the award of any other degree. 
 I declare that I have faithfully acknowledged, given credit to and referred to the 
research workers wherever their works have been cited in the text and the body of the thesis. 
I further certify that I have not willfully lifted up some other’s work, para, text, data, result, 
etc. reported in the journals, books, magazines, reports, dissertations, thesis, etc., or available 
at web-sites and included them in this Ph.D. thesis and cited as my own work. 
 
Date:                                                                          (Signature of the candidate) 
                                                                   WASEEM RAZA 
                                                                               (Name of the candidate) 
 
Certificate from the Supervisor 
This is to certify that the above statement made by the candidate is correct to the best of our 
knowledge. 
 
 
Signature of the Supervisor 
Name & Designation: Dr. M. Muneer, Professor 
Department: CHEMISTRY 
 
 
 
 
(Signature of the Chairman of the Department with seal) 
  
 
 
 
 
 
 
COURSE/ COMPREHENSIVE EXAMINATION COMPLETION 
CERTIFICATE  
 
 
 
This is to certify that Mr. Waseem Raza, Department of Chemistry has satisfactorily 
completed the course work/comprehensive examination and pre-submission seminar 
requirement which is part of his Ph.D. programme. 
 
 
 
 
 
 
 
 
 
 
Date: …………….                           (Signature of the Chairman of the Department) 
 
  
 
 
 
 
COPYRIGHT TRANSFER CERTIFICATE 
 
Title of the Thesis: Synthesis, Characterization and Photocatalytic 
Performance of Metal-Doped Semiconductors 
 
Candidate’s Name: WASEEM RAZA 
 
Copyright Transfer 
The undersigned hereby assigns to the Aligarh Muslim University, Aligarh, copyright 
that may exist in and for the above thesis submitted for the award of Ph.D. degree. 
 
 
 
                                                                                         (Signature of the Candidate) 
 
Note: However, the author may reproduce or authorize others to reproduce material extracted 
verbatim from the thesis or derivative of the thesis for author’s personal use provided 
that the source and the university’s copyright notice are indicated  
i 
 
 ACKNOWLEDGEMENTS  
All the praise and thanks belong to THE ALMIGHTY, ALLAH, the Lord of the word, Who has 
created (all that exists), Who has taught (the use of) the pen." And peace and blessing of ALLAH 
(SWT) be upon the noblest of the Prophets and Messengers, beloved Prophet Mohammad 
(SAW) who said, "Seek knowledge from womb to grave." I thank Him for the blessing which He 
has bestowed upon me and for honoring me, Who provide me enough zeal to complete this work. 
 It is with great pleasure that I express my deep sense of gratitude to Prof. M. Muneer for 
suggesting the research problems and for encouraging me to a successful completion of this 
work. It was his constant support, supervision, advice and kind co-operation which helped me to 
build an optimistic attitude towards my research work. 
 I must thank to Prof. M. Shakir, Chairman, Department of Chemistry, for providing the 
necessary research facilities. I shall never forget the evaluative humble suggestions and moral 
support given by the faculty members and hold worthfull discussion. I am also thankful to all the 
office and technical staff for their dedicated cooperation and providing me instrumentation 
facilities.  
I also would like to acknowledge University Grants Commission (UGC) New Delhi 
India, for providing Non-NET fellowship during the tenure of this work. I also acknowledge 
Instrumentation Centre Department of Chemistry  (through DRS, PURSE and FIST support), 
University Sophisticated Instrument Facility (USIF), Department of Physics, Aligarh Muslim 
University, Aligarh for providing the SEM, TEM, PL and XRD facilities. I also thank Prof. D. 
Bahnemann from Institut fuer Technische Chemie, Leibniz Universität Hannover and Dr. M. 
Matsumura from research center for Solar Energy Chemistry, Osaka University, Japan for 
providing SEM and XRD analysis.  
 I also express my heartfelt thanks to my lab colleagues Tariq Shah, Umair Alam, Azam 
Khan and Qamar T. Siddique for providing condesuive and friendly atmosphere during my 
research tenure. I am immensely thankful to my seniors and friends who were always with me 
throughout this period, helping me in all situations especially M.M Haque, Khalid Umar, Niyaz 
A. Mir, Abuzar Khan, Mohd. Ajmal Ali, Mohammad Asif, Abad Ali, Khairuzzaman Lashkar, 
Nayeem Ahmad, Faheem Ahmad, Naushad Anwar, Zafar Iqbal, Khalid Zaheer, Parvez Alam, 
ii 
 
Dr. Moinuddin khan, Azhar Muneer, Mohammad Azhar-Uddin , Syed Mohammad Faisal, and 
all those who have always stood by me.  
Finally, I would like to thank my family especially my Mother Mrs. Muhajreen, father 
Mr. Mohammad Arif, uncle Mr. Mohammad Waris and cousins. I am also very grateful to my 
elder brother (Mohammad Faizan Arif), younger brother (Mohammad Raihan Arif), sister (Sazia 
Arif), sister in law (Gulnaz Fatima) and brother in Law (Moazzam Husain) for their support 
throughout my research and for their help during the challenging time.  
 
 
 
                                                                                                                                 
                                                                                                                             (Waseem Raza)   
 
 iii 
 
PREFACE 
 
The thesis entitled “Synthesis Characterization and Photocatalytic Performance of Metal 
Doped Semiconductors” describes the synthesis of visible light driven semiconducting 
materials such as TiO2, ZnO and Bi2O3 doped with different metals and composites of Na-g-
CN4 and DyVO4 followed by the their characterization using standard analytic techniques 
such as XRD, SEM, EDX, TEM, FT-IR and UV-Vis spectroscopic analysis. The 
photocatalytic performance of the synthesized materials was examined by studying the 
photodegradation of few selected organic dyes in aqueous suspension as a function of 
irradiation time under visible light source. 
The thesis is divided into four chapters along with a general introduction on photocatalysis. 
 The Chapter 1 of thesis deals with the environmental problems caused due to 
contamination of organic inorganic pollutants in wastewater effluents from various sources 
such as agricultural runoffs, chemical industries, power plants and chemical spills are the 
most serious issues to be solved. Therefore, it is important to develop an economical, energy- 
efficient and sustainable technique for remediation of such hazardous pollutants from 
wastewater. Heterogeneous photocatalysis, a green technique, has attracted significant 
attention in the area of environmental remediation using clean and safe inexhaustibly 
abundant energy of the sun light source. This chapter describes a detail of the work being 
done in this area all over the world. In addition a mechanistic detail involved in the 
heterogeneous photocatalyzed degradation of organic pollutants in aqueous suspension has 
also been described.     
  The Chapter 2 of thesis deals with the synthesis of crystalline carbon sphere (CCS) 
encapsulated with pure and doped TiO2 with different metals such as La, Ce, Mo and Mn 
using hydrothermal method. The synthesized materials were characterized by standard 
analytical techniques, such as XRD, FTIR, SEM and UV-Vis spectroscopy. The XRD 
analysis of all samples showed strong absorption at 101 (2 indicate that prepared materials 
being present in anatase form. The absorption pattern of pure and doped TiO2 CCS is more or 
less similar without any additional peak corresponding to dopants. SEM-EDX analysis of 
prepared materials indicates incorporation of different metals such as La, Ce, Mo and Mn in 
the TiO2 matrix. The presence of dopants into TiO2 matrix significantly extends the 
absorption edge towards the visible region as reveled by UV-Vis spectroscopic technique. 
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The photocatalytic activity of synthesized TiO2 CCS was tested by studying the degradation 
of three different chromophoric dyes as a function of irradiation time in aqueous suspension 
in the presence of air using 500 W tungsten halogen linear lamp as a visible light source. The 
activity of metal doped TiO2 CCS was found to be higher than the pure TiO2 CCS for the 
degradation of all dyes under investigation.  
The Chapter 3 of thesis deals with the preparation of pure and doped ZnO 
semiconductor photocatalysts with different metals such as La, Ce, Er and Nd using sol gel 
method followed by their characterization using standard analytical techniques, i.e., XRD, 
SEM, EDX, FTIR and UV-Visible spectroscopy. The EDX and SEM images indicate that the 
metal ions such as La, Ce, Er and Nd are successfully incorporated on the surface of ZnO 
nanoparticles. The XRD analysis showed that the obtained particles are present in crystalline 
nature with hexagonal wurtzite phase and exhibit no other impurity phase. FTIR analysis of 
doped ZnO NPs show a broad and strong absorption band in the region of 410  580 cm−1 
due to Zn-O stretching vibration. In addition an absorption band between 883  915 cm-1 is 
also observed due to stretching vibration of dopant-O bond indicating the incorporation of 
dopant into the ZnO matrix. UV-Vis absorption studies of synthesized metal doped materials 
clearly demonstrate the absorption shift towards longer wavelength. The photocatalytic 
performance of prepared materials show pronounced effect on degradation of different dyes. 
The Chapter 4 of thesis deals with the synthesis of bismuth oxide photocatalyst 
incorporated with different metal ions such as La, Ce, Er and Nd at varying % loading using 
sol-gel method. The prepared samples were characterized as usual by standard analytical 
techniques. The XRD pattern of the synthesized samples exhibit characteristic peaks of well 
crystalline monoclinic -Bi2O3 only. It was found that the crystallite size of doped Bi2O3 
nanorod decreases with increasing dopant concentration up to certain limit. The SEM images 
of pure Bi2O3 powder display rod like morphology, whereas doped sample show the similar 
morphology with rough surfaces. The UV-Vis absorption spectra of synthesized materials 
reveal that doping of rare earth metal ions in Bi2O3 lattice shifts absorption edge towards the 
longer wavelength. The FTIR spectra of doped Bi2O3 nanorod show an additional absorption 
band in region between 750  870 cm-1 characteristic to the linkage between dopant and 
oxygen. The photocatalytic activity of the synthesized materials was evaluated by studying 
the degradation of three different chromophoric dyes in aqueous suspension under visible 
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light illumination. The results indicate that the doped Bi2O3 nanorod can effectively degrade 
the all dyes and show higher photodegradation than bare Bi2O3. The highest photocatalytic 
activity for degradation of all dyes was observed with La (3.0%), Ce (2.0%), Nd (1.5%) and 
Er (0.9%). The enhanced photocatalytic activity of doped Bi2O3 nanorod can be attributed 
predominantly due to shorting of band gap and efficient charge separation.  
  The Chapter 5 of thesis deals with the synthesis of sodium doped graphitic carbon 
nitrite (Na-g-C3N4) coupled with dysprosium vanadate (DyVO4) using hydrothermal, 
calcination and ultra-sonication method. The composite materials were synthesized in 
different weight ratios of DyVO4 with Na-g-C3N4. The prepared nanocomposites were 
characterized by standard techniques such as XRD, BET, SEM, EDX, TEM, FT-IR and UV-
Vis spectroscopy. The photocatalytic activity of synthesized materials was evaluated by 
studying the degradation of different model compounds such as Rodamine B (RhB), Methyl 
Orange (MO) and Methylene Blue (MB) under visible light irradiation. The Na-g-
C3N4/DyVO4 nanocomposite exhibit superior photocatalytic activity as compared to pure 
DyVO4 and Na-g-C3N4 respectively. The remarkable enhanced photocatalytic activity of 
synthesized composite materials could be attributed to generation of heterojunction between 
Na-g-C3N4 and DyVO4 and efficient separation of photogenerated charge carrier as 
confirmed by photoluminescence (PL) studies.  
 
 
ABSTRACT 
 
The thesis entitled “Synthesis, Characterization and Photocatalytic Performance of 
Metal Doped Semiconductors” describes the synthesis of visible light driven 
semiconducting materials such as TiO2, ZnO and Bi2O3 doped with different metals and 
composites of Na-g-CN4 and DyVO4 followed by the their characterization using standard 
analytic techniques such as XRD, SEM, EDX, TEM, FT-IR and UV-Vis spectroscopic 
analysis. The photocatalytic performance of the synthesized materials was examined by 
studying the photodegradation of few selected organic dyes in aqueous suspension as a 
function of irradiation time under visible light source. 
The thesis is divided into five chapters. 
 The Chapter 1 of the thesis deals with the environmental problems caused due to 
contamination of organic & inorganic pollutants in water from various sources such as 
agricultural runoffs, chemical industries, power plants and chemical spills. Therefore, it is 
important to develop an alternative, economical, energy-efficient and sustainable technique 
for remediation of such hazardous pollutants from wastewater. Heterogeneous 
photocatalysis, a green technique, has attracted significant attention in the area of 
environmental remediation using clean and safe inexhaustibly abundant energy from sun 
light. This chapter describes in detail the work being done in this area all over the world. In 
addition a mechanistic detail involved in the heterogeneous photocatalyzed degradation of 
organic pollutants in aqueous suspension has also been described.    
  The Chapter 2 deals with the synthesis of crystalline carbon sphere (CCS) 
encapsulated with pure and doped TiO2 with different metals such as La, Ce, Mo and Mn 
using hydrothermal method. A schematic flow chart for the preparation of doped TiO2 coated 
CCS is shown in Fig 1. The synthesized materials were characterized by standard analytical 
techniques, such as XRD, FTIR, SEM and UV-Vis spectroscopy. The XRD analysis of the 
all samples showed strong absorption at 101 (2 indicating that the prepared materials are 
present in anatase form.  The absorption pattern of pure and doped TiO2 CCS is more or less 
similar without any additional peak corresponding to dopants given in Fig. 2. SEM-EDX 
analysis of prepared materials indicates incorporation of different metals such as La, Ce, Mo 
and Mn in TiO2 matrix. The presence of dopants into TiO2 matrix significantly extends the 
absorption edge towards the visible region as reveled by UV-Vis spectroscopic technique as 
shown in Fig. 3. The photocatalytic activity of synthesized TiO2 CCS was tested by studying 
the degradation of three different chromophoric dyes as a function of irradiation time in 
aqueous suspension in the presence of atmospheric oxygen using 500 W tungsten halogen 
linear lamp as a visible light source. The photocatalytic activity of metal doped TiO2 CCS 
was found to be higher than the pure TiO2 CCS for the degradation of all dyes under 
investigation. As a representative example Fig. 4 (A) shows the change in absorbance as a 
function of time on irradiation of an aqueous solution of AY-29 in the presence of 2.0% La-
doped TiO2 CCS. Fig 4 (B) displays the change in concentration of dye as a function of 
irradiation time in the presence of pure and varying loading La-doped TiO2 CCS. 
 
 
 
 
Fig. 1 Schematic flow chart for the preparation of doped TiO2 CCS 
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Fig. 2 XRD patterns of pure and doped TiO2 CCS at varying concentration of La 
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Fig. 3 UV-Vis absorption spectra of pure and doped TiO2 CCS at varying concentration of La 
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Fig. 4 (A) Change in absorbance on irradiation of an aqueous suspension of Acid Yellow-29 
(max = 406) in the presence of 2.0% La doped TiO2 CCS at different time interval 
Fig. 4 (B) Change in concentration as a function of time on irradiation of an aqueous solution 
of Acid Yellow-29 in the presence of pure and La doped TiO2 CCS at varying concentration 
of La 
The Chapter 3 of the thesis deals with the preparation of ZnO doped with different 
metals such as La, Ce, Er and Nd using sol gel method followed by their characterization 
using standard analytical techniques, i.e., XRD, SEM, EDX, FTIR and UV-Vis spectroscopy. 
The EDX and SEM images indicate that the metal ions such as La, Ce, Er and Nd are 
successfully incorporated on the surface of ZnO nanoparticles. The XRD analysis showed 
that the obtained particles are present in crystalline nature with hexagonal wurtzite phase and 
exhibit no other impurity phase. FTIR analysis of doped ZnO NPs show a broad and strong 
absorption band in the region 410  580 cm−1 due to Zn-O stretching vibration. In addition, 
an absorption band between 883  915 cm-1 is also observed due to stretching vibration of 
dopant-O indicating the incorporation of dopant into the ZnO matrix. UV-Vis absorption 
studies of synthesized metal doped materials clearly demonstrate the absorption shift towards 
longer wavelength. The photocatalytic performance of prepared materials has been tested for 
the degradation of variety of dyes with different chromophoric groups in aqueous suspension 
and all prepared materials have been found to show pronounced effect for degradation of 
different dyes under investigation. 
The Chapter 4 of the thesis deals with the synthesis of bismuth oxide photocatalyst 
incorporated with different metal ions such as La, Ce, Er and Nd at varying % loading using 
sol-gel method. The prepared samples were characterized as usual by standard analytical 
techniques. The XRD pattern of the synthesized samples exhibit characteristic peaks of well 
crystalline monoclinic -Bi2O3 only. It was found that the crystallite size of doped Bi2O3 
decreases with increasing dopant concentration up to certain limit. The SEM images of pure 
Bi2O3 powder display rod like morphology, whereas doped sample show the similar 
morphology with rough surfaces. The UV-Vis absorption spectra of synthesized materials 
reveal that doping of rare earth metal ions in Bi2O3 lattice shifts absorption edge towards the 
longer wavelength. The FTIR spectra of doped Bi2O3 rod show an additional absorption band 
in region between 750  870 cm-1 characteristic to the linkage between dopant and oxygen. 
The photocatalytic activity of the synthesized materials was evaluated by studying the 
degradation of three different chromophoric dyes in aqueous suspension under visible light 
illumination. The results indicate that the doped Bi2O3 nanorod can effectively degrade the 
all dyes and show higher photodegradation than bare Bi2O3. The highest photocatalytic 
activity for degradation of all dyes was observed with La (3.0%), Ce (2.0%), Nd (1.5%) and 
Er (0.9%). The enhanced photocatalytic activity of doped Bi2O3 nanorod can be attributed 
predominantly due to shorting of band gap and efficient charge separation.  
  The Chapter 5 of the thesis deals with the synthesis of sodium doped graphitic 
carbon nitrite (Na-g-C3N4) coupled with dysprosium vanadate (DyVO4) using hydrothermal, 
calcination and ultra-sonication method. The composite materials were synthesized in 
different weight ratios of DyVO4 with Na-g-C3N4. The prepared nanocomposites were 
characterized by standard techniques such as XRD, BET, SEM, EDX, TEM, FT-IR and UV-
Vis spectroscopy. The photocatalytic activity of synthesized materials was evaluated by 
studying the degradation of different model compounds such as Rodamine B (RhB), Methyl 
Orange (MO) and Methylene Blue (MB) under visible light irradiation. The Na-g-
C3N4/DyVO4 nanocomposite exhibited superior photocatalytic activity as compared to pure 
DyVO4 and Na-g-C3N4 respectively. The remarkable enhanced photocatalytic activity of 
synthesized composite materials could be attributed to the generation of heterojunction 
between Na-g-C3N4 and DyVO4 and efficient separation of photogenerated charge carrier as 
confirmed by photoluminescence (PL) studies. 
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General Introduction 
 
Water is one of the most fundamental requirements of life. The addition of any chemical 
substance may lead to contamination of water and make it unfit for use. The growth of world 
population and expansion of chemical, pharmaceutical and textile industries are the major cause 
of water pollution 
1,2
. A wide variety of organic and inorganic pollutants are continuously 
disposed into water system from various sources such as agricultural runoffs, chemical & dye 
industries, power plants and chemical spills 
3,4
. Dyes are the major class of organic compounds 
which are used in dyeing of different materials such as cloths, paper, leather, plastics, cosmetics, 
paints and printing. The modern textile industries consume about 80% synthetic dyes and large 
amount of other chemicals for their manufacture and processing. The dye industries dispose a 
huge amount of inorganic salts, dyes and other chemicals directly into water bodies, which upon 
mixing with water cause serious environmental problem 
5–11
. Therefore, it is advisable to look for 
an alternative, economical and feasible techniques for remediation of such hazardous pollutants 
from water system 
12
. The various techniques, such as physical (coagulation, filtration, 
adsorption and flocculation), biological, chemical and advanced oxidation processes (AOPS) 
have been established for purification of wastewater 
13–18
. Among these processes, AOPs have 
been proven to be the efficient method for wastewater treatment, because they lead to complete 
mineralization of pollutants 
19–23
. The application of AOPs are based on highly reactive species 
such as hydroxyl radical and superoxide radical anions which intern react with wide range of 
organic and inorganic pollutants leading to non-toxic component 
11,24
.  
Among various AOPs, semiconductor mediated heterogeneous photocatalysis has proven 
to be widely applicable for effective degradation of hazardous waste and toxic chemicals into 
carbon dioxide and water 
3,4,25–27
. Several metal oxide semiconductors such as TiO2, ZnO, MoO3, 
WO3, Fe2O3, Bi2O3, SnO2, CdS, ZnS etc, and their combinations (composites) have been 
used for degradation of various pollutants in aqueous suspension in the presence of light 
28
.Of 
which, TiO2 has been found to be one of the most promising semiconductor photocatalyst and 
widely used for degradation of organic pollutants in aqueous suspension owing to its enormous 
advantages including its strong chemical stability in a large pH range, relatively inexpensive, 
nontoxicity, showing excellent photocatalytic property having a band gap of around 3.2 eV 
29–31
. 
TiO2 has three stable forms, such as anatase, rutile and brookite. The anatase and rutile are 
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tetragonal in structure and brookite is orthorhombic. The rutile is most stable phase among three 
phases, whereas anatase and brookite are metastable phases. The photocatalytic activity of 
anatase is high among all forms of TiO2 
32
. The mechanism for the degradation of organic 
pollutants on irradiated TiO2 could be visualized as follows.  On absorption of photons of energy 
equal to or greater than band gap of TiO2, an electron may be promoted from the valence band to 
the conduction band leaving behind an electron vacancy or “hole” in the valence band. If charge 
separation is maintained and the reaction is carried out in the presence of H2O and O2 the 
electron and hole may migrate to the catalyst surface where they participate in redox reactions 
with sorbed species. Specially, hole generated at the valence band (h
+ 
VB) may react with surface 
bound H2O to produce hydroxyl radical and electron present at conduction band (e
−
CB) is picked 
up by oxygen to generate superoxide radical anion. These reactive species are responsible for the 
degradation of organic pollutants. The pictorial representation of excited semiconducting 
material such as TiO2 under UV light displays the formation of hydroxyl radical and superoxide 
radical anion is shown in Fig 1.1. 
 
 
 
Fig 1.1 Mechanism for photodegradation of organic pollutants on irradiated pure TiO2  
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The practical application of pure TiO2 is limited due to its i) wide band gap energy (3.2 
eV for anatase) as it absorbs only UV-light and ii) fast recombination rate of photogenerated 
electron – hole pairs 29,33,34. Enormous amount of work has been done to extend the spectral 
response of TiO2 in the visible region and also to minimize the e/h
+
 pair recombination. Some of 
the techniques, which have been used include doping with metals 
35–41
, non-metals 
42–45
 and also 
coupling of two semiconducting materials 
46–48
 resulting the change in electrical and optical 
properties of semiconductors 
49–57
. The doping of semiconductors with metal or non-metals may 
either decrease the band gap energy through generation of an impurity band between VB and CB 
and thereby extending the spectral response towards visible region. If the metal is dispersed on 
the surface of TiO2 it may act as an electron trap which may inhibit electron hole recombination 
during irradiation thereby increasing the lifetime of charge carriers.  The pictorial representation 
of excited semiconducting material under visible light incorporate dopant on the surface of TiO2 
& generation of impurity band is shown in Fig 1.2. 
 
 
 
Fig. 1.2 Mechanism for photodegradation of Organic pollutants on irradiated metal doped 
TiO2  
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The different possible reactions taking place on the surface of doped TiO2 when an 
organic pollutant is irradiated in aqueous solution in the presence of oxygen are given in 
following equations 1-7. 
 
Charge carrier generation: 
                                     Doped-TiO2 + h e
-
CB      + h
+
VB                              (1) 
Recombination of charge carrier:   
                          e
-
CB      +   h
+
VB                                                    energy                       (2) 
Trapping of electron:   
                           M
n+ 
   +   e
-
                                        M
(n-1)+                                  
(3) 
 
                          M
(n-1)+   
+   O2
                                                         
O2
•Mn+                (4) 
Reaction of Electron with Oxygen 
                        e

CB      +      O2                                                            O2
•(5) 
 
Reaction of hole with water 
  
                          h
+
VB   +  H2O                                   H
+ 
     +   
•
OH              (6) 
  
        These active species are responsible for the degradation of organic pollutants. 
 
   
•
OH/ O2
•+ organic pollutants                                      degradation products        (7)    
 
In the present work, we have made an attempt to synthesize the visible light driven 
photocatalysts by doping with different metals at varying concentration on semiconducting 
materials such as TiO2, ZnO, Bi2O3 and also coupling with two semiconductor such as DyVO4 
and g-C3N4.The synthesized materials were characterized using standard analytical techniques 
like XRD, FT-IR, SEM-EDX, TEM, BET and UV-Vis spectroscopy. In addition, the 
photocatalytic performance of the synthesized materials was evaluated by studying the 
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degradation of different chromophoric dyes in aqueous suspension under visible light source in 
the presence of atmospheric oxygen.   
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Synthesis, characterization and photocatalytic performance of metal doped TiO2
 
coated carbon spheres 
 
2.1 Abstract 
The second chapter of the thesis deals with the synthesis of crystalline coated carbon 
sphere (CCS) encapsulated with pure and doped TiO2 with different metals such as La, 
Ce, Mo and Mn by hydrothermal method. The prepared materials were characterized by 
standard analytical techniques, such as XRD, FTIR, SEM and UV-Vis spectroscopy. The 
XRD analysis of all samples showed strong absorption at 101 (2 indicating prepared 
material  being present in anatase form and the absorption patterns of pure and doped 
TiO2 coated CCS are more or less similar without any additional peak corresponding to 
dopants. SEM-EDX analysis indicates incorporation of different metals such as La, Ce, 
Mo and Mn in the TiO2 matrix. The presence of dopants into TiO2 matrix significantly 
extends the absorption edge towards the visible region as inferred from UV-Vis 
spectroscopic technique. The photocatalytic activity of synthesized TiO2 coated CNS was 
tested by studying the degradation of three different chromophoric dyes as a function of 
irradiation time in aqueous suspension in the presence of atmospheric air using 500 W 
tungsten halogen linear lamp as a visible light source. The activity of metal doped TiO2 
coated CNS was found to be higher than the pure TiO2 CCS for the degradation of all 
dyes under investigation.  
2.2 Introduction 
 Since the discovery of photoelectrochemical splitting of water by Fujishima and 
Honda in 1972 using a TiO2 electrode opened a new research branch in the field of 
photocatalysis 
1
. Thereafter, TiO2 photocatalyst has attracted great attention in the field of 
solar energy conversion, mineralization of toxic organic and inorganic contaminants in 
aqueous suspension and air purification due to its low cost, non-toxic nature, photo and 
chemical stability 
2–7
. However, the photocatalytic activity of titania depends upon several 
factors such as crystallite size, nature and crystal structure. It is well known that among 
three forms of TiO2 i.e anatase, rutile and brookite, the anatase phase is reported to be 
most active photocatalysts. The anatase phase is reported as the most active photocatalyst 
phase 
8–10
. However, anatase TiO2 still suffers from few drawbacks, such as wide band 
gap (3.2 eV, therefore can only be excited by UV-light) and high recombination rate of 
photogenerated e/h
+
 pair. Therefore, efforts are made to develop visible light induced 
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TiO2 materials. Several strategies have been applied to modify TiO2 in order to utilize sun 
light energy for efficient degradation of pollutants in aqueous suspension. These 
strategies include doping of semiconducting materials by transition metal, nonmetal, rare 
earth element, noble metal and coupling with two semiconductors 
11–16
. Among them 
doping of transition and rare earth transition metal have attracted much attention due to 
vacant d and f orbital in the metal ions 
17,18
. 
A large number of papers are being published every year in this area therefore 
compilation of all the work is a difficult task. However, few studies related to our interest 
have been indicated here. For example,  Choi et al. studied the photocatalytic 
performance of 21 transition metal doped TiO2 for degradation of different pollutants 
19
. 
The degradation of 2-propanol to CO2 using visible light induced Cu(II) and Fe(III) 
doped TiO2 photocatalysts studied by Hashimoto et al. 
20,21
. Wilke and coworkers 
synthesized transitional metal doped TiO2 and studied the effect of dopants on 
degradation of Rodamine B 
22
. Wu et al. prepared La-doped TiO2 using combination of 
hydrothermal and sol gel method for degradation of Methyl Orange (100 %, 1.5 h) under 
UV-light illumination 
23
. The degradation of Methyl Orange (28%, 4 h) using La doped 
TiO2 hollow fibers under visible light source was investigated by shuhua et al. 
24
. Wang 
and coworkers studied the photocatalytic property of Mo-doped TiO2 NPs for degradation 
of Methyl Orange (73%, 150 min) under visible light irradiation 
25
. Huang et al. also 
reported the photocatalytic activity of Mo-doped TiO2 for photodegradtion of Methylene 
Blue (85%, 300 min) under visible light illumination 
26
. The photocatalytic activities of 
TiO2 codoped with Ce and S ions for the degradation of Acid Orange 7 (100%, 5 h) under 
visible light irradiation was studied by Nasir et al. 
27
. Jaimy et al. also reported the 
synthesis of Fe and Ce doped and codoped TiO2 and studied the effect of doping with 
different metal ions onto the TiO2 lattice for the decomposition of Methylene Blue (74 %, 
160 min) under visible light illumination 
28
. Recently, Ozmen and coworkers synthesized 
nano-sized Mn-doped TiO2 using sol gel method for degradation of different xenobiotics 
(Bisfenol A {4 h, 90%} and Atrazin {24 h, 78%}) under visible irradiation 
29
. Cacho et 
al. studied photo-induced NO removal (6 h, 95%) by Mn-doped TiO2 using indoor-light 
illumination conditions 
30
. On  the other hand, Kuyumcu and coworkers reported the 
removal of different dyes (Methylene blue 16.41 %, 5 h) using M/TiO2 (M = Cu, Ni, Co, 
Fe, Mn and Cr) photocatalysts under visible light irradiation 
31
.  
Recently, Carbon spheres have received great attention in the field of 
photocatalysis due to their high surface area, low density, porous structures and better 
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catalytic activity 
32–34
. The presence of carbonaceous material such as carbon spheres may 
facilitate the photocatalytic performance by providing high surface area, highly 
adsorptive active sites, photosensitization, band gap tuning and decrease in the electron 
hole recombination rate 
35
. The carbonaceous material increases the adsorption of the 
pollutants on the surface and provides good contact between the pollutants and the 
photocatalyst. The carbon spheres play an important role for improving photocatalytic 
activity of TiO2 under UV light source by yielding synergistic effects between the 
TiO2 and the carbonaceous material. Few workers reported that carbonaceous material 
can efficiently capture and transport the photogenerated electrons due to their highly 
conductive activity 
36
. Several methods have been developed for the synthesis of carbon 
spheres with different morphologies 
37–39
. For example, Wang et al. synthesized TiO2-Ag 
hollow spheres and studied their photocatalytic properties by degrading rhodamine B and 
methyl orange under visible light source 
40
. Solvothermal process for the synthesis of 
porous TiO2 hollow carbon spheres and its photocatalytic activity was also studied by 
Zhang et.al 
41
. 
Herein, we report the synthesis of La, Ce, Mn and Mo doped TiO2 CCS using 
hydrothermal method followed by their characterization using standard analytical 
techniques such as XRD, FTIR, SEM and UV-Vis spectroscopy. The photocatalytic 
activities of the synthesized materials has been tested for studying the degradation of 
three different chromophoric dye derivatives such as Acid Yellow 29 (AY-29), 
Coomassie Brilliant Blue G250 (CBBG-250) and Acid Green 25 (AG-25) (as shown in 
scheme 2.1) under visible light illumination as a function of irradiation time in aqueous 
suspension in an immersion well photochemical reactor with a 500W tungsten halogen 
linear lamp in the presence of atmospheric oxygen.  
2.3 Experimental 
2.3.1 Reagents and chemicals 
Analytical grade titanium oxysulfate and dye derivatives, Acid Yellow 29, Coomassie 
Brilliant Blue G250, and Acid Green 25 were obtained from Sigma-Aldrich while 
glucose, cetyltrimethyl ammonium bromide and ammonium heptamolybdate tetrahydrate 
were obtained from Merck. Lanthanum nitrate hexahydrate and Ammonium ceric nitrate 
were purchased from Central Drug House, India and Manganese (II) sulfate monohydrate 
from Himedia Laboratories Pvt. Ltd India. All chemicals were used as such without any 
further purification.  
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Acid Yellow 29 (AY-29) 
 
 
Coomassie Brilliant Blue G250 (CBBG-250) 
 
 
Acid Green 25 (AG-25) 
 
Scheme 2.1 Chemical structure of dyes 
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2.3.2 Material Preparation 
2.3.2.1 Synthesis of carbon spheres 
The carbon spheres were synthesized by the reported procedure using hydrothermal 
method with slight modification 
41
. In a typical procedure, glucose (3.96 g, 0.02 M) was 
dissolved in 80 ml double distilled water in a round bottom flask and cetyltrimethyl 
ammonium bromide (0.54 g, 0.001 M) was added to the above solution. The solution was 
magnetically stirred for 30 min to form a homogeneous mixture at room temperature and 
then the content was transferred into 100 ml Teflon-lined stainless steel autoclave. The 
autoclave containing the raw materials was sealed tightly and heated in an electric muffle 
furnace at 180 
0
C for 8 hours. The black precipitate of carbon spheres so obtained after 
cooling the autoclave at room temperature was filtered and washed thoroughly with water 
and ethanol and dried at 100 
0
C for 4 h.   
2.3.2.2 Synthesis of La, Ce, Mn and Mo doped TiO2 coated carbon spheres 
Synthesis of TiO2 coated carbon spheres doped with different metals such as La, Ce, Mn 
and Mo was carried out by mixing carbon sphere (1 g, 0.08 M) and titanium oxysulfate (1 
g, 0.006 M) in water (80 ml) in a round bottom flask containing appropriate amounts of 
dopants in the form of Lanthanum nitrate hexahydrate, ammonium ceric nitrate, 
manganese (II) sulfate monohydrate or ammonium heptamolybdate tetrahydrate. The 
solution was magnetically stirred to form a clear solution at room temperature which was 
then transferred into 100 ml Teflon-lined stainless steel autoclave and kept at 180 
0
C for 8 
h under autogenous pressure in an air flow muffle furnace. The solid material so obtained 
was filtered and washed several times with double distilled water and ethanol before 
being dried at 80 °C for 3 h. The resulted material was calcinated at 400 
0
C in muffle 
furnace for 4 h in order to obtain white metal doped TiO2 CCS. The surface of the 
photocatalyst was doped with varying amount of dopants such La (0 to 2.5%), Ce (0 to 
4%), Mn (0 to 2.0%) and Mo (0 to 2.5%). The schematic flow chart for the preparation of 
doped TiO2 CCS is shown in Fig. 2.1. 
2.4 Characterization 
The synthesized materials were characterized employing standard analytical techniques 
such as XRD, SEM, FTIR and UV-Vis spectrophotometry. X-ray diffraction (XRD) 
analysis of all prepared samples was performed using Rigaku Miniflex II diffractometer 
in 2range of 20  80 with Cu Kα radiations  (λ = 1.5418 Å) operated at 40 kV voltage  
and current of 15 mA with scanning speed of 2.0 degree per min to examine the crystal 
12 
 
structure, phase composition and crystallite size. The UV-Vis absorption spectrum was 
recorded using Shimadzu UV-Vis spectrophotometer (Model 1601). The surface 
morphology and elemental analysis of the prepared materials were examined by scanning 
electron microscope (SEM, JSM-6510LV, JEOL). The accelerating voltage applied was 2 
kV and the working distance was 3-8 mm. The FTIR spectra of the nanoparticles were 
recorded in KBr powder using a Perkin-Elmer Spectrum 2 spectrophotometer. 
 
 
 
Fig. 2.1 Schematic flow chart for the preparation of metal doped TiO2 CCS 
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2.5 Photocatalytic Experiment 
The photocatalytic activity of the synthesized photocatalysts was investigated by studying 
the degradation of three different chromophoric dyes such as AY-29, CBBG-250 and 
AG-25 in aqueous suspension under visible light source. The solutions of the desired 
concentration of dye derivatives were prepared in double distilled water. An immersion 
well photochemical reactor made up of Pyrex glass equipped with a magnetic stirring bar, 
a water-cooling system and an opening for supply of atmospheric oxygen was used for all 
photocatalytic experiments. A simplified diagram of the photoreactor is shown in Fig. 2.2. 
For irradiation experiments, an aqueous solution of the dye was taken into the reactor and 
the required amount of the photocatalyst (TiO2/doped TiO2) was added. The solution was 
stirred and bubbled with atmospheric oxygen for at least 30 minutes in the dark in order 
to allow the system to reach equilibrium, so as to account the loss of dye due to 
adsorption. The zero time reading is taken for a blank solution kept in the dark otherwise 
treated similarly to the irradiated solution. Irradiations were carried out using a visible 
light tungsten halogen linear lamp (500 W, 9500 Lumens). Sample (10 ml) was collected 
before and at regular interval during irradiation and centrifuged to remove photocatalyst 
before analysis. The degradation of dye derivatives was monitored using UV-Vis 
spectrophotometer at their max 406 (AY-29), 584 (CBBG-250) and 640 nm (AG-25). 
The % degradation of dyes () was calculated using following equation (1).  

C0 C
C0
X 100% (1)
 
Where C0 is the initial concentration and C is the concentration at particular time (t). 
 
 
 
Fig.2.2 Simplified diagram of photochemical reactor 
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2.6 Results and Discussion 
2.6.1 XRD Analysis 
The XRD analysis of pure TiO2
 
CCS and metal doped TiO2
 
CCS was carried out 
to determine the crystal structure, phase composition and crystallite size. The XRD 
pattern of pure and doped TiO2 CCS with different dopants such as La, Ce, Mn and Mo at 
varying concentration calcined at 400 
0
C is shown in Figs. 2.3.1, 2.3.2, 2.3.3 and 2.3.4. 
The pure and doped photocatalysts clearly display characteristic peaks at (225.30 , 
37.1
0
, 37.8
0
, 38.7
0
, 48.1
0
, 54.0
0
, 55.2
0
, 62.8
0
, 69.8
0
, 70.5
0
 and 75.2
0
 corresponding to 
crystalline anatase phase. The TiO2 CCS doped with above metals showed no impurity 
peaks corresponding to dopants. This could be due to the fact that the amounts of dopants 
remain below the detection limit of X-ray diffraction instrument. The results indicate that 
the phase structure remain unchanged during metal doping. Similar results also have been 
reported earlier 
42,43
. The dopant can enter into TiO2 matrix either interstitially or it can 
act as substitutional impurity. The properties such as crystal structure, electronegativity, 
relative valency and atomic size decide the substitution if they match closely to the TiO2 
lattice. In the present case the ionic radius of Mo
6+
 is 0.0620 nm and that of Ti
4+
 is 0.0605 
nm. Due to the similarity in the ionic radii, Mo
6+
 can replace Ti
4+ 
in the lattice 
44
. The 
ionic radii of La
3+
 (0.1016 nm), Mn
2+ 
(0.067 nm) and Ce
4+ 
(0.087 nm) are greater than of 
Ti
4+
 ion (0.0605 nm). Therefore, it is difficult for La, Ce and Mn to act as interstitial 
impurity, but it may be present on the surface of TiO2 matrix. Similar results also have 
been reported earlier 
45–47
.  
The average anatase crystallite size of doped and undoped TiO2 CCS was 
determined by Debye Scherer formula as shown in equation 2. 
 
Where D is the crystallite size, K is the shape factor,  is the wavelength,  is the 
diffraction angle and  is the full width at half maximum (FWHM). Table 2.1 shows the 
mean crystallite size of prepared photocatalysts which were estimated by the FWHM of 
the XRD peak (101) using the Debye–Scherer equation. On increasing dopants 
concentration the width of peak (101) become broad indicate that the crystallite size of 
doped TiO2 was found to decrease from 0.5-2.0% in the case of La, 1.0-3.0% for Ce, 0.5-
1.5% for Mn and 0.5-1.5% Mo and then remain almost constant with the increase in 
15 
 
dopant concentration. This could be explained on the basis of the fact that the addition of 
dopants may hinder the growth of TiO2 particle to some degree 
47
. 
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Fig. 2.3.1 XRD patterns of pure and La doped TiO2 coated CCS 
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Fig. 2.3.2 XRD patterns of pure and Ce doped TiO2 coated CCS 
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Fig. 2.3.3 XRD patterns of pure and Mn doped TiO2 coated CCS 
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Fig. 2.3.4 XRD patterns of pure and Mo doped TiO2 coated CCS 
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S. No Dopant (%)/ 
Crystallite 
Size (La) 
Dopant (%)/ 
Crystallite 
Size (Ce) 
Dopant (%)/ 
Crystallite 
Size (Mn) 
Dopant (%)/ 
Crystallite 
Size (Mo) 
1 00/18 00/18 00/18 00/18 
2 0.5/10 1.0/14 0.5/11.5 0.5/11 
3 1.0/9 2.0/11 1.0/9 1.0/10 
4 1.5/8 3.0/8 1.5/7 1.5/8 
5 2.0/7 4.0/7 2.0/6 2.0/9 
6 2.5/7    
 
Table 2.1 Crystallite size of La, Mo, Ce and Mn-doped TiO2 CCS  
 
2.6.2 UV–Vis Absorption Spectra 
The UV–Vis absorption spectra of pure TiO2
 
CCS and metal doped TiO2
 
CCS was 
measured to study the optical response of synthesized materials with different dopant 
concentrations of La, Ce, Mn and Mo as shown in Figs. 2.4.1, 2.4.2, 2.4.3 and 2.4.4 
respectively. It could be seen from the Figs. that the incorporation of dopants into TiO2 
matrix shift the fundamental absorption edge towards the longer wavelength may be due 
good interaction between TiO2 and metal ion. Similar results of increasing wavelength on 
incorporation of dopants also found in literature 
48–51
. The band gap energy of pure and 
doped TiO2 CCS at different metal concentration was calculated from their respective 
wavelength using the following equation (3) 
51
 and are listed in Table 2.2. 
 
 
In the case of La it has been found that a decrease in band gap energy was 
observed as the dopant concentration increased from 0.5 to 2.0%. Similarly in case of Ce 
the band gap energy decreases as the dopant concentration increases from 1.0-3.0%. On 
the hand in case Mo and Mn the band gap energy was found to decrease only up to a 
dopant concentration 1.5%. A further increase in dopant concentration led to increase in 
band gap energy. This may be due to the deposition of the metal on the photocatalyst 
which covered the surface of TiO2 and can reduce the effective surface area for absorbing 
light. Similar results also observed by other scientists group 
46
. 
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Fig. 2.4.1 Absorption spectra of pure and La-doped TiO2 CCS  
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Fig. 2.4.2 Absorption spectra of pure and Ce-doped TiO2 CCS  
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Fig. 2.4.3 Absorption spectra of pure and Mn-doped TiO2 CCS  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2.4.4 Absorption spectra of pure and Mo-doped TiO2 CCS  
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S. No Dopant (%)/Band 
gap (La) 
Dopant (%)/Band 
gap (Ce) 
Dopant (%)/Band 
gap (Mn) 
Dopant (%)/Band 
gap (Mo) 
1 00/3.35 00/3.22 00/3.22 00/3.35 
2 0.5/32.61 1.0/3.18 0.5/3.10 0.5/3.15 
3 1.0/2.55 2.0/3.05 1.0/2.95 1.0/3.08 
4 1.5/2.46 3.0/2.94 1.5/2.83 1.5/2.81 
5 2.0/2.39 4.0/3.02 2.0/2.93 2.0/2.91 
6 2.5/2.42    
 
Table 2.2 Band gap energy of La, Ce, Mn and Mo-doped TiO2 CNS with different 
concentration of dopants 
 
2.6.3 SEM Analysis 
The surface morphology and structural characterization of pure and doped TiO2
 
CCS 
were carried out by using SEM. The SEM images of TiO2 CCS doped with different 
metal ions such as La, Ce, Mn and Mo are presented in Figs. 2.5.1, 2.5.2, 2.5.3, 2.5.4 and 
2.5.5 respectively. The SEM images of prepared materials at different magnifications 
shows that the pure TiO2 CCS are spherical with smooth surface while the doped particle 
are also spherical with rough surface, implying the deposition of metal ion on the surface 
of TiO2 CCS.  
 
2.6.4 FT-IR Analysis  
FT-IR analysis of pure and different metal doped TiO2 CCS was carried out in order to 
see the incorporation of metals in TiO2 matrix. Fig. 2.6 displays the FT-IR spectra of pure 
and different metal doped TiO2
 
CCS. The IR absorption in the region between 563-710 
cm
-1 
is assigned to the Ti-O-Ti and Ti-O stretching vibration 
52
.  The absorption in the 
region between 862-1033 cm
-1
 in doped powder gives the information about the bond 
between dopant and oxygen (La, Ce, Mn and Mo-O) 
53
 whereas a broad peak in the 
region between 3400–3500 cm-1 is due presence of small amount moisture in all samples 
54,55
. 
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Fig. 2.5.1 SEM images of (A) carbon sphere (B) pure TiO2 CCS 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2.5.2 SEM images of La-doped TiO2 CCS 
 
 
 
 
 
 
 
 
 
 
Fig. 2.5.3 SEM images of Ce-doped TiO2 CCS 
A B 
22 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2.5.4 SEM images of Mn-doped TiO2 CCS 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2.5.5 SEM images of Mo-doped TiO2 CCS 
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Fig. 2.6 FTIR Spectra of Pure, 2.0% La, 3.0% Ce, 1.5% Mn and 1.5% Mo-doped TiO2 
CCS 
 
2.7 Photocatalytic Activity 
2.7.1 Photocatalytic degradation of Acid Yellow (AY-29) in the presence of La, Ce, 
Mn and Mo-doped TiO2 CCS. 
An aqueous solution of AY-29 (200 mL, 0.25 mM) was irradiated with a 500 W 
visible light tungsten halogen linear lamp in the presence of desired amount of doped 
TiO2 photocatalysts (such as La, Ce, Mo or Mn) in an immersion well photochemical 
reactor under constant stirring, cooling and bubbling of atmospheric oxygen. The 
degradation of the dye was monitored by measuring the change in the absorbance as a 
function of irradiation time. Fig. 2.7.1 (A) shows the change in absorbance as a function 
of time on irradiation of an aqueous solution of AY-29 in the presence of 2.0% La-doped 
TiO2 CCS. It could be seen from the Fig. that the absorption intensity decreases with the 
increase in irradiation time. Fig 2.7.1 (B) shows the change in concentration of dye as a 
function of irradiation time in the presence of pure and different concentration of La-
doped TiO2 CCS. The results indicate that there is no change in concentration of dye in 
the presence of pure TiO2 CCS whereas highest degradation efficiency was observed with 
24 
 
2.0% La-doped TiO2 CCS. The results also indicate that the degradation of AY-29 
increases with the increase in dopant concentration from 0.5 to 2.0% and a further 
increase in dopant concentration (2.5%) led to decrease in degradation efficiency of the 
catalyst. Control experiment was also carried out in the absence of photocatalyst where no 
observable loss of dye was seen. The degradation of AY-29 was also investigated with 
other metal doped TiO2 CCS such as Ce, Mn and Mo at varying concentration by 
irradiating of an aqueous solution of the AY-29 dye under analogous conditions. Figs. 
2.7.2 (A), 2.7.3 (A) and 2.7.4 (A) show the change in absorbance as function of time in 
the presence of Ce (3%), Mn (1.5%) and Mo (1.5%) doped TiO2 CCS. Whereas Figs. 
2.7.2 (B), 2.7.3 (B) and 2.7.4 (B) display the change in concentration as a function of time 
on irradiation of an aqueous solution of AY-29 in the presence of different loadings of 
Ce, Mn and Mo doped TiO2 CCS. In all cases it has been found that degradation of dye 
increases with the increase in dopant concentration from 0.5 to 2% in case of La dopant, 
1.0 to 3% in case of Ce dopant and 0.5 to 1.5% in case of Mo and Mn dopants. Further 
increases in dopant concentration led to decrease in degradation efficiency of catalysts. 
The results indicate that 88%, 89%, 71% and 80% degradation of dye takes place after 
120 min in the presence of 2.0% La, 3.0% Ce, 1.5% Mn and 1.5% Mo doped TiO2 CCS 
respectively.   
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Fig. 2.7.1 (A) Change in absorbance on irradiation of an aqueous suspension of AY-29 
(max = 406) in the presence of 2.0% La doped TiO2 CCS at different time interval 
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Fig. 2.7.1 (B) Change in concentration as a function of time on irradiation of an aqueous 
solution of AY-29 in the presence of pure and La doped TiO2 CCS 
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Fig. 2.7.2 (A) Change in absorbance on irradiation of an aqueous suspension of AY-29 
(max = 406) in the presence of (3.0%) Ce-doped TiO2 CCS at different time interval 
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Fig. 2.7.2 (B) Change in concentration as a function of time on irradiation of an aqueous 
solution of AY-29 in the presence of pure and Ce-doped TiO2 CCS  
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Fig. 2.7.3 (A) Change in absorbance on irradiation of an aqueous suspension of AY-29 
(max = 406) in the presence of (1.5%) Mn-doped TiO2 CCS at different time interval 
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Fig. 2.7.3 (B) Change in concentration as a function of time on irradiation of an aqueous 
solution of AY-29 in the presence of pure and Mn-doped TiO2 CCS  
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Fig. 2.7.4 (A) Change in absorbance on irradiation of an aqueous suspension of AY-29 
(max = 406) in the presence of (1.5%) Mo-doped TiO2 CCS at different time interval 
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Fig. 2.7.4 (B) Change in concentration as a function of time on irradiation of an aqueous 
solution of AY-29 in the presence of pure and Mo-doped TiO2 CCS  
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2.7.2 Photocatalytic degradation of Coomassie Brilliant Blue G250 (CBBG-250) in 
the presence of La, Ce, Mn and Mo-doped TiO2 CCS. 
An aqueous solution of CBBG-250 (200 mL, 0.05 mM) was irradiated in the 
presence desired amount of metal doped TiO2 CCS with a visible light source in the 
presence of atmospheric oxygen under analogous condition. Fig. 2.7.5 (A) shows the 
change in absorbance as a function of time on irradiation of an aqueous solution of 
CBBG-250 in the presence of 2.0% La-doped TiO2 CCS. It could be seen from the Fig. 
that the absorption intensity decreases with increase in irradiation time. Fig 2.7.5 (B) 
shows the change in concentration of dye as a function of irradiation time in the presence 
of pure and at varying concentration of La-doped TiO2 CCS. The results indicate that 
there is no change in concentration of dye in the presence of pure TiO2 CCS whereas 
highest degradation efficiency was observed with 2.0% La-doped TiO2 CCS. The results 
also indicate that the degradation of CBBG-250 increases with the increase in dopant 
concentration from 0.5 to 2.0% and a further increase in dopant concentration (2.5%) lead 
to decrease in degradation efficiency of the catalyst. The degradation of CBBG-250 was 
also investigated with Ce, Mn and Mo (different loading) doped TiO2 CCS by irradiating 
of an aqueous solution of dye under analogous condition. Figs. 2.7.6 (A), 2.7.7 (A) and 
2.7.8 (A) present the change in change in absorbance as function of time in the presence 
of Ce (3%), Mn (1.5%) and Mo (1.5%) doped TiO2 CCS.  Figs. 2.7.6 (B), 2.7.7 (B) and 
2.7.8 (B) display the change in concentration as a function of time on irradiation of an 
aqueous solution of CBBG-250 in the presence of different loadings of Ce, Mn and Mo 
doped TiO2 CCS. In all cases it has been found that degradation of dye increases with the 
increase in dopant concentration from 1.0 to 3% in case of Ce and 0.5 to 1.5% in case of 
Mo and Mn doped TiO2 CCS. A further increase in dopant concentration leads to 
decrease in efficiency of catalyst. The results indicate that 91%, 85%, 70% and 38% 
degradation of dye takes place after 120 min in the presence of 2.0% La, 3.0% Ce, 1.5% 
Mn and 1.5% Mo doped TiO2 coated CCS respectively.   
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Fig. 2.7.5 (A) Change in absorbance on irradiation of an aqueous suspension of CBBG-
250 (max = 584) in the presence of (2.0%) La-doped TiO2 CCS at different time interval 
 
0 20 40 60 80 100 120
0.0
0.2
0.4
0.6
0.8
1.0
 
B
C
/C
0
Irradiation time (min)
 Pure TiO
2
 CNS
 0.5 La-doped TiO
2
 CNS 
 1.0 La-doped TiO
2
 CNS
 1.5 La-doped TiO
2
 CNS
 1.0 La-doped TiO
2
 CNS
 2.5 La-doped TiO
2
 CNS
 
 
Fig. 2.7.5 (B) Change in concentration of CBBG-250 as a function of irradiation time in 
the presence of pure and La doped TiO2 CCS 
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Fig. 2.7.6 (A) Change in absorbance on irradiation of an aqueous suspension of CBBG-
250 (max = 584) in the presence of (3.0%) Ce-doped TiO2 CCS at different time interval 
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Fig. 2.7.6 (B) Change in concentration of CBBG-250 as a function of irradiation time in 
the presence of pure and Ce-doped TiO2 CCS 
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Fig. 2.7.7 (A) Change in absorbance on irradiation of an aqueous suspension of CBBG-
250 (max = 584) in the presence of (1.5%).Mn-doped TiO2 coated CNS  
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Fig. 2.7.7 (B) Change in concentration of CBBG-250 as a function of irradiation time in 
the presence of pure and Mn-doped TiO2 CCS at different time interval 
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Fig. 2.7.8 (A) Change in absorbance on irradiation of an aqueous suspension of CBBG-
250 (max = 584) in the presence of (1.5%) Mo-doped TiO2 CCS at different time interval 
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Fig. 2.7.8 (B) Change in concentration of CBBG-250 as a function of irradiation time in 
the presence of pure and Mo doped TiO2 CCS 
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2.7.3 Photocatalytic degradation of Acid Green (AG-25) in the presence of La, Ce, 
Mn and Mo-doped TiO2 CCS. 
The irradiation of an aqueous solution of AG-25 (200 mL, 0.25 mM) in the 
presence of desired amount of metal doped TiO2 CCS under analogous conditions also 
lead to degradation of the dye. Fig. 2.7.9 (A) shows the change in absorbance as a 
function of time on irradiation of an aqueous solution of AG-25 in the presence of 2.0% 
La-doped TiO2 CCS. It could be seen from the Fig. that the absorption intensity decreases 
with increase in irradiation time. Fig. 2.7.9 (B) displays the change in concentration of 
dye as a function of irradiation time in the presence of pure and varying concentration of 
La-doped TiO2 CCS. The results indicate that there is no change in concentration of dye 
was observed in the presence of pure TiO2 CCS whereas highest degradation efficiency 
was observed with a 2.0% La-doped TiO2 CCS. The results also indicate that the 
degradation of AG-25 increases with the increase in dopant concentration from 0.5 to 
2.0% and further increase in dopant concentration (2.5%) lead to decrease in efficiency of 
the catalyst. The degradation of AG-25 was also investigated with Ce, Mn and Mo 
(different loading) doped TiO2 CCS by irradiating of an aqueous solution of the dye under 
analogous conditions. Figs. 2.7.10 (A), 2.7.11 (A) and 2.7.12 (A) show the change in 
absorbance as function of time in the presence of Ce (3%), Mn (1.5%) and Mo (1.5%) 
doped TiO2 CCS. Figs. 2.7.10 (B), 2.7.11 (B) and 2.7.12 (B) display the change in 
concentration as a function of time on irradiation of an aqueous solution of AG-25 in the 
presence of different loadings of Ce, Mn and Mo doped TiO2 CCS. In all cases it has been 
found that degradation of dye increases with the increase in dopant concentration from 
0.5 to 2% in case of La dopant, 1.0 to 3% in case of Ce dopant and 0.5 to 1.5% in case of 
Mn & Mo dopants. Further increases in dopant concentration lead to decrease in 
degradation efficiency of catalyst. The result indicate that 94%, 86%, 44% and 77% 
degradation of AG-25 dye takes place after 120 min in the presence of 2.0% La, 3.0% Ce 
and 1.5% Mo & Mn doped TiO2 CCS respectively.  
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Fig. 2.7.9 (A) Change in absorbance on irradiation of an aqueous suspension of AG-25 
(max = 640) in the presence of (2.0%) La doped TiO2 CCS at different time interval  
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Fig. 2.7.9 (B) Change in the concentration of AG-25 as a function of irradiation time in 
the presence of pure and La doped TiO2 CCS 
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Fig. 2.7.10 (A) Change in absorbance on irradiation of an aqueous suspension of AG-25 
(max = 640) in the presence of (3.0%) Ce-doped TiO2 CCS at different time interval 
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Fig. 2.7.10 (B) Change in the concentration of AG-25 as a function of irradiation time in 
the presence of pure and Ce-doped TiO2 CCS 
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Fig. 2.7.11 (A) Change in absorbance on irradiation of an aqueous suspension of AG-25 
(max = 640) in the presence of (1.5%) Mn-doped TiO2 CCS at different time interval  
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Fig. 2.7.11 (B) Change in the concentration of AG-25 as a function of irradiation time in 
the presence of pure and Mn-doped TiO2 CCS  
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Fig. 2.7.12 (A) Change in absorbance on irradiation of an aqueous suspension of AG-25 
(max = 640) in the presence of (1.5%) Mo doped TiO2 CCS at different time interval 
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Fig. 2.7.12 (B) Change in the concentration of AG-25 as a function of irradiation time in 
the presence of pure and Mo doped TiO2 CCS 
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The increase in the photocatalytic activity by increasing dopant concentration may 
be due to the shortening of band gap which effectively increase the absorbing power of 
catalysts therefore absorbance of light with longer wavelength. Another reason for the 
increase in the photocatalytic activity by increasing the dopant concentration could be 
attributed to the fact that the doping of TiO2 with different metal ions they can introduce 
new trapping sites which affect the lifetime of charge carriers by splitting the arrival time 
of photogenerated electron and hole to reach the surface of photocatalyst and thereby 
reduce the electron-hole recombination rate.  
A decrease in degradation efficiency of catalyst at higher dopant concentration may be 
due to multiple trapping of charge carrier which may increase the possibility of 
recombination of electron-hole pair therefore; fewer charge carriers will reach the surface 
to initiate the degradation of the dye. Similar results also reported by other scientist 
56–60
 
2.8 Conclusion 
A series of TiO2 CCS doped with different metals such as La, Ce, Mn and Mo has been 
synthesized using hydrothermal method. The prepared materials were characterized by 
standard analytical techniques, such as XRD, FTIR, SEM and UV-Vis spectroscopy. The 
XRD and FT-IR spectroscopic analysis of the prepared pure and doped TiO2 CCS showed 
the pure anatase phase. The SEM analysis showed that the obtained doped TiO2 CCS 
powder is present in spherical surface with rough surface, implying the deposition of 
dopants on the surface of TiO2 CCS. The UV–Vis absorption spectra showed shift in max 
towards longer wavelength with the increase in metal ion concentration from 0.5% to 
2.0% in the case of La, 0.5% to 2.5% in the case of Ce 0.5-1.5% in the case of Mn and 
Mo doped TiO2 CCS. Further increases in dopant concentration lead to decrease in max. 
The photocatalytic activity of doped TiO2 for the degradation dyes have been studied and 
compared to that of pure TiO2 catalyst and the results indicate that the doped TiO2 CCS 
was found to be more efficient for the degradation of all dye under visible light source as 
compared to pure TiO2 coated CNS. Among the all concentration of dopants 2.0% (La), 
3.0% (Ce) and 1.5% (Mn & Mo) doped TiO2 CCS showed the highest photocatalytic 
efficiency for degradation of all dyes. The degradation of dyes was found to be higher for 
La & Ce-doped TiO2 CCS than that of Mo & Mn-doped TiO2 CCS. The higher 
photocatalytic activity of La & Ce doped TiO2 CCS is due to the presence of vacant 4f 
orbital for electron transition.  
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Synthesis of visible light driven ZnO: Characterization and photocatalytic 
performance 
 
3.1 Abstract 
In this chapter, the pure ZnO and ZnO doped with different metals such as La, Ce, Er 
and Nd were synthesized using sol gel method. The prepared materials were characterized 
by standard analytical techniques, i.e., XRD, SEM, EDX, FTIR and UV-Visible 
Spectroscopy. The XRD analysis showed that the obtained particles are crystalline in 
nature with hexagonal wurtzite phase and exhibit no other impurity phase. The EDX and 
SEM images depict that La, Ce, Er and Nd metal ions are successfully incorported on the 
surface of ZnO nanoparticles (NPs). FTIR analysis of doped ZnO NPs shows a broad and 
strong absorption band in the region of 410 - 580 cm
−1
 which may be due to Zn-O 
stretching vibration. An additional absorption band between 883-915 cm
-1
, is also 
observed which displays the bond between dopant-O indicating the incorporation of 
dopant into the ZnO matrix. The UV-Vis absorption spectra of synthesized particles 
reveal that the incorporation of metal ions into the ZnO matrix shifts the absorption band 
towards the visible region. The photocatalytic activity of prepared materials was studied 
by measuring the change in absorbance as function of time on irradiation of an aqueous 
solution of different chromophoric dyes under visible light source. All dyes under 
investigation were found to degrade effectively over doped ZnO NPs in the presence of 
visble light and atmospheric oxygen. 
3.2 Introduction 
Metal oxide semiconductors, such as SnO2, Bi2O3, WO3, TiO2 and ZnO have 
received much attention for the past few decades due to their photocatalytic ability for the 
degradation of various environmental pollutants like dyes, pesticides, detergents and 
volatile organic compounds under UV light irradiation 
1–4
. Among various 
semiconductors ZnO shows excellent photocatalytic acitivity for degradation of various 
organic and inorganic pollutants in aqueous suspension due to high photosensitivity, more 
volume to area ratio, large excitation binding energy (60 meV), high reactivity and large 
electron transfer 
5–9
. The main disadvantage of ZnO material is that it can only be excited 
by UV light due to its large band gap energy which restrict the use of visible light source. 
Extensive research is being carried out to extend the optical response of the photocatalyst 
from UV to visible region by doping with metal or non-metal into the semiconductor 
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matrix 
5,10–15
. A large number of paper are being published every year in this area and 
therefore, it is difficult to compile all papers here. However, few papers related to our 
interest are mentioned here. For example,  Anandan et al. synthesized the La doped ZnO 
using coprecipitation method and studied the degradation of monocrotophos under UV 
light irradiation 
15
. Recently, La doped ZnO nanorods has been synthesized using 
microwave assisted method for degradation of metasystox under UV light irradiation by 
korake et. al. 
5
. Karunakaran and coworkers synthesized the Ce doped ZnO using 
sonochemical wet impregnation method and studied the detoxification of cyanide 
16
. 
Djaja et al. studied the degradation of methyl orange under UV light source using Ce 
doped ZnO. He showed highest degradation effificieny with 9% dopant concentaration 
with a decrease in photocatalytic effeicency on increase in dopant cocncentartion 
17
.  
A number of methods have been reported for the synthesis of metal doped ZnO 
NPs, such as sonochemical method 
18
, precipitation 
19
, hydrothermal processes 
20
, 
autocombustion method 
10
, ball-milling method 
21
, co-precipitation method 
22
 and sol–gel 
method 
10
. Currently, synthesis of  metal doped ZnO phototcatyst using sol–gel process 
has attracted considerable attention because of its simple experimental condition and easy 
work up. This method is also helpful for synthesis of ZnO with different morphology, 
varing particle sizes and high surface area 
23
. 
The present chapter describes the synthesis and characteritation of La, Ce, Er and 
Nd-doped ZnO NPs using sol-gel method followed by testing of their photocatalytic 
activity by monitoring the degradation of different chromophoric dyes such as Acid 
Yellow 29 (AY-29), Coomasie Brilliant Blue G250 (CBBG-250), Acid Green 25 (AG-
25), Methylene Blue (MB) and Reactive red 241 (RR-241) as a function of irradiation 
time under visible light source.  
3.3  Experimental 
3.3.1 Reagents and chemicals 
Zinc acetate dihydrate and dye derivatives, AY-29, CBBG-G250 and AG-25 were 
obtained from Sigma-Aldrich. Polyethylene glycol, and ammonium solution were 
obtained from Merck, while lanthanum nitrate hexahydrate, ammonium cerric nitrate, 
Erbium nitrate hexahydrate, Neodymium nitrate hexahyrdrate, and MB were purchased 
from Central Drug House, India. RR 241 was supplied by Atul India Ltd. Valsad, Gujrat, 
India. The water used in all experiment was double distilled.  
3.3.2 Material Preparation 
3.3.2.1 Synthesis of zinc Oxide Nanoparticles  
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The ZnO NPs photocatalyst was synthesized by the reported procedure using sol–
gel method with slight modification using zinc acetate dihydrate as the Zinc precursor. In 
a typical experiment, zinc acetate dihydrate (10 gm, 0.045 mole)  and surfactant (PEG-
600, 5 ml) was taken in a round bottom flask and dissolved in water (100 ml) and stirred 
for 45 min at 40 
0
C resulting hydrolysis of zinc acetate dihydrate. An amount of ammonia 
solution was added drop wise to this solution till white precipitate is formed, which was 
filtered and washed thoroughly with water and ethanol. The obtained product was dried at 
120 
0
C for 2 h which then manually grounded into fine powder and calcinated at 600 °C 
for 4 h. 
The zinc oxide power was doped with different percentage of La,Ce, Er and Nd by 
adding a solution of known concentrations of lanthanum nitrate hexahydrate, ammonium 
cerric nitrate, Erbium nitrate hexahydrate and Neodymium nitrate hexahydrate in 
ammonia solution. The schematic flow chart for the preparation of doped ZnO NPs is 
shown in Fig. 3.1. 
 
 
Fig. 3.1 Schematic flow chart for the synthesis of metal doped ZnO NPs 
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The formation of ZnO NPs by the sol–gel method generally undergoes several 
reactions such as solvation, hydrolysis and finally transformation into ZnO. The zinc 
acetate dihydrate precursor was first solvated in water, where the  formation of  colloidal–
gel of zinc hydroxide [(Zn(OH)2)] takes place via replacement of H
+
 ions from water and 
then removal of the acetate ions take place as shown in Eq. 1.  In solution, Zn
2+
 ions can 
react with four molecules of ammonia to form a tetrahedral complex of zinc [(Zn(NH3)
4+
] 
ions and then finally transformed into ZnO as shown in Eq. 3. 
 
     Zn(CH3COO)2.2H2O  +  2H2O              Zn(OH)2  + 2CH3COOH + 2H2O   (1) 
     Zn(OH)2                  +            4NH3                                       Zn(NH3)4
2+
    +  2OH
-   
                    (2)   
        Zn(NH3)4
2+ 
      +         2OH
-                                             
ZnO     +    4NH3 + 2H2O              (3) 
 
3.4 Characterization 
The XRD analysis of the prepared NPs was performed in the 2range of 20-80 
using Shimadzu - 6100 with Cu Kα radiations (λ = 1.5418 Å) operated at a voltage of 30 
KV and current of 15 mA. The UV-Vis spectra were recorded at room temperature using 
Shimadzu UV-Vis spectrophotometer (Model 1601). The morphology of the particles was 
examined using SEM coupled with EDX and the pictures were taken using a JSM-6510 
microscope (JEOL). The accelerating voltage applied was 20 kV and the working 
distance was 3-8 mm. All samples were placed on a conducting graphite block prior to the 
measurement. The FTIR spectra of the nanoparticles were recorded in KBr powder using 
a Perkin-Elmer Spectrum 2. 
3.5 Photocatalytic Experiments 
The photocatalytic performance of pure and doped ZnO NPs was evaluated by 
measuring the change in absorbance as a function of time on irradiation of an aqueous 
solution of different chromophoric dyes such as AY-29, CBBG-250, AG-25, RR-241 and 
MB with a visible light tungsten halogen linear lamp (500 W, 9500 Lumens) in the 
presence of atmospheric oxygen. For irradiation experiments, an immersion well 
photochemical reactor made of Pyrex glass was used. An aqueous solution of the dye was 
taken into the reactor and the required amount of the photocatalyst was added. The 
solution was stirred and bubbled with atmospheric oxygen for at least 30 min in the dark 
to allow equilibration of the system so that the loss of dye due to adsorption could be 
taken into account. The reaction vessel was properly cooled by circulating water in order 
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to avoid any thermal reaction. The zero time reading was obtained from a blank solution 
kept in the dark, but otherwise treated similarly to the irradiated solution. Sample (5 mL) 
was collected before and at regular interval during the irradiation and centrifuged before 
analysis. The degradation of dye derivatives was monitored using UV-Vis 
Spectrophotometer at their max respectively. 
3.6 Results and Discussion 
3.6.1 XRD Analysis 
In order to investigate the phase structure of the synthesized photocatalyst, the 
XRD pattern of La, Ce, Er and Nd-doped ZnO NPs at varying concentration of metal ions 
calcinated at 600 
0
C was analyzed in 2rangeof 20–80. The XRD pattern of pure and 
doped ZnO are shown in Figs. 3.2.1, 3.2.2, 3.2.3 and 3.2.4 respectively. The sharp 
absorption peak at 31.8
0
, 35.2, 36.9, 47.5
0
, 56.5
0
, 62.8
0
, 66.2
0
, 67.8
0
, 69.1
0
 78.2
0 
could be 
indexed to (100), (002), (101), (102), (110), (103), (200), (112), (201) and (202) 
respectively which indicating crystalline and wurtzite structure ZnO NPs. The XRD of 
doped ZnO with different percentage of La, Ce, Er and Nd are almost similar to that of 
pure ZnO indicating product being in pure hexagonal wurtzite phase 
24
. The above results 
indicate that the crystal structure remain unchange upon doping. The crystallite size of 
La, Ce, Er and Nd-doped ZnO NPs was determined using Debye Scherer formula shown 
below in equation 4. 


cos
K
D     (4) 
Where D is the crystallite size, K is the shape factor,  is the wavelength, is the 
diffraction angle and is the full width at half maximum (FWHM). Crystallite size of 
samples were calculated using most intense peak found at 101 in the case of pure and 
doped ZnO NPs. Crystallite size of doped ZnO is much smaller than that of pure ZnO, 
which decreases with the increase in dopant concentration as shown in Table 3.1.  
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Fig. 3.2.1 XRD pattern of pure and La-doped ZnO NPs 
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Fig. 3.2.2 XRD pattern of pure and Ce-doped ZnO NPs 
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Fig. 3.2.3 XRD pattern of pure and Er-doped ZnO NPs 
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Fig. 3.2.4 XRD pattern of pure and Nd-doped ZnO NPs 
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S. No Dopant (%)/ 
Crystallite 
Size (La) 
Dopant (%)/ 
Crystallite 
Size (Ce) 
Dopant (%)/ 
Crystallite 
Size (Er) 
Dopant (%)/ 
Crystallite 
Size (Nd) 
1 00/21.25 00/21.25 00/21.25 00/21.25 
2 0.3/14.73 0.5/15.28 1.0/14.21 0.5/13.52 
3 0.6/13.63 1.0/14.51 3.0/13.43 1.0/12.32 
4 0.9/12.73 1.5/13.86 5.0/12.23 1.5/11.54 
5 1.2/11.85 2.0/12.83 7.0/12.12 2.0/10.23 
6  2.5/11.74  2.5/9.45 
 
Table 3.1 Crystallite size of pure and doped ZnO NPs at different dopant concentration 
 
3.6.2  UV–Vis Absorption Spectra 
The UV–Vis absorption spectroscopic technique was used to determine the 
absorption spectrum response of prepared catalyst as a function of dopant concentaration. 
The UV–Vis absorption spectra of pure and doped ZnO NPs with different dopant 
concentrations of La, Ce, Er and Nd are presented in Fig. 3.3.1, 3.3.2, 3.3.3 and 3.3.4 
respectively. The band gap energy of pure and doped ZnO NPs were calculated from the 
obtained wavelength using the following equation (5) which are listed in Table 3.2. 
Band gap energy (ev) =
1240
Wavelength (nm)
(5)
 
The decrease in band gap energy with the increase in dopant concentration may be 
due to the introduction of doping level/impurity band in ZnO lattice, which would induce 
the excitation of an electron from the valence band as well as impurity band to the 
conduction band. The dopants also participate in determining the electron-hole pair 
recombination rate by trapping the excited electron. The doped ZnO NPs showed the shift 
of fundamental absorption edge towards longer wavelength, i.e. red shift, leading to a 
decrease in band gap energy. Similar results have been reported earlier 
25,26
. 
At higher dopant concentration there is an increase in band gap energy (La-1.2 %, 
Ce-2.5%, Er-7.0% and Nd-2.5%) which may be due to the deposition of the metal ions on 
the surface of the photocatalyst which reduces the effective surface area for absorbing 
light. Similar results have been reported earlier 
27,28
. 
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Fig. 3.3.1 Absorption spectra of pure and La-doped ZnO NPs 
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Fig. 3.3.2 Absorption spectra of pure and Ce-doped ZnO 
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Fig. 3.3.3 Absorption spectra of pure and Er-doped ZnO NPs 
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Fig. 3.3.4 Absorption spectra of pure and Nd-doped ZnO NPs 
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S. No Dopant (%)(La)/ 
Band gap  
Dopant (%)(Ce)/ 
Band gap  
Dopant (%)(Er)/ 
Band gap  
Dopant (%)(Nd)/ 
Band gap  
1 00/3.37 00/3.37 00/3.33 00/3.33 
2 0.3/3.1 0.5/3.16 1.0/2.99 0.5/3.14 
3 0.6/2.88 1.0/3.08 3.0/2.86 1.0/2.92 
4 0.9/2.71 1.5/2.95 5.0/2.74 1.5/2.79 
5 1.2/2.75 2.0/2.88 7.0/2.78 2.0/2.66 
6  2.5/2.91  2.5/2.70 
 
Table 3.2  Band gap energy of pure and doped ZnO NPs with different dopant 
concentration  
 
3.6.3 SEM Analysis 
The morphology and structural characterization of pure and doped ZnO NPs with 
different metals were carried out using SEM analysis. Fig. 3.4.1 (A-E) shows the SEM 
image of pure and doped ZnO photocatalyst. The images of nanoparticle at different 
magnifications showed that the pure ZnO is in partial crystalline nature and hexagonal 
shape with smooth surface. The doped particles also show similar morphology with rough 
surface, implying the deposition of different metal La, Ce Er and Nd on the surface of 
ZnO.  
In order to investigate the distribution of dopants into ZnO matrix, energy-
dispersive X-ray spectroscopy (EDX) analysis was carried out. Fig. 3.4.2 (A-D) shows 
the EDX spectra of La, Ce, Er and Nd doped ZnO NPs, respectively. The peaks at 1.0, 
3.2, 8.8 and 9.1 are assign to Zn, wherase peaks at 6.1, 7.3 and 9.4 indicate the presence 
of La as shown in Fig 3.4.2 (A). The peaks appearing at 2.1 and 3.9 are attributed to Ce as 
shown in Fig 3.4.2 (B). Fig 3.4.2 (C) display the peaks at 1.0, 6.0, 7.0, 7.8 and 9.0 which 
are corresponding to Er metal. On the other hand peaks at 1.0, 5.3 and 6.7 in 3.4.2 (D) 
indicate the presence of Nd metal in the matrix of ZnO NPs. Above results confirmed the 
presence of La, Ce, Er and Nd metal ions in ZnO matrix. A carbon peak at 1.3 is also 
observed in 3.4.2 (A & B) which may be resulted from the carbon support mesh. 
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Fig. 3.4.1 (A)  SEM images of Pure ZnO NPs 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3.4.1 (B)  SEM images of La doped ZnO NPs 
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Fig. 3.4.1 (C)  SEM images of Ce doped ZnO NPs 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3.4.1 (D)  SEM images of Er doped ZnO NPs 
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Fig. 3.4.1 (E)  SEM images of Nd doped ZnO NPs 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3.4.2 EDX spectra of (A) La-doped ZnO and (B) Ce-doped ZnO NPs (C) Er-doped 
ZnO and (D) Nd-doped ZnO NPs 
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3.6.4 FTIR Analysis  
Fig. 3.5 displays the FTIR spectra of pure and La, Ce, Er and Nd-doped ZnO NPs. 
The strong IR absorption in the region between 400-700 cm
-1
 indicate stretching vibration 
of crystalline hexagonal Zn-O. It is pertinent to mention here that similar absortion peak 
in this region has also been repoter earlier in the FTIR measurement of ZnO 
29,30
. A weak 
absorption around 860-1000 cm
-1
 indicates the linkage between dopantO. An another 
weak peak observed at 2350 cm
-1 
may be due to absortion of atmospheric CO2 on the 
catalyst surface 
31
. A broad moderate absorptoion in the region 3400-3900 cm
−1
 is due to 
presecnce of moisture in the sample.  
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Fig. 3.5 FTIR Spectra of pure and doped ZnO NPs 
   
3.7 Photocatalytic Activity 
3.7.1 Photocatalysis of Acid Yellow-29 (AY-29) in presence of pure and La/Ce-doped 
ZnO NPs. 
An aqueous solution of AY-29 (200 mL, 0.25 mM) was irradiated in an immersion well 
photochemical reactor in the presence of pure or La/Ce-doped ZnO (1 gL
-1
) with constant 
stirring and bubbling of atmospheric oxygen under visible light source. The degradation 
of the dye was monitored by measuring the change in the absorbance as a function of 
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irradiation time. Fig. 3.6.1 (A) display the change in absorbance as a function of time on 
irradiation of an aqueous solution of AY-29 in the presence of 0.9% La-doped ZnO. It 
could be seen from the Fig. that the absorption intensity decreases with the increase in 
irradiation time. Fig 3.6.1 (B) shows the change in concentration of dye as a function of 
irradiation time in the presence of pure and different concentration of La-doped ZnO at 
varying concnetrataion. It could be seen from the Fig that the degradation of dye 
increases with increase in dopant concentration from 0.3% to 0.9% and further increase in 
dopant concentration (1.2%) lead to decrease in degradation efficiency of the catalyst. 
The degradation of AY-29 was also investigated with Ce-doped ZnO at varying 
concentration under analogous conditions. Fig 3.6.2 (A) display the change in absorbance 
at different time interval on irradiation of AY-29 in the presence of 2.0% Ce-doped ZnO. 
Fig 3.6.2 (B) indicate the change in concentration of the dye as a function of irradiation 
time in the presence of pure and Ce-doped ZnO. On the other hand, in the presence of 
pure ZnO NPs some degradation of dyes also takes place under visible light source. The 
results indicate that 68.57% and 51.15% degradation of AY-29 take place after 120 min 
of irradiation in the presence of 0.9% La and 2.0% Ce-doped ZnO under visible light 
irradiation. 
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Fig. 3.6.1 (A) Change in the absorbance as a function of time on irradiation of an aqueous 
solution of AY 29 (max = 406) in the presence of 0.9% La-doped ZnO NPs  
 
0 20 40 60 80 100 120
0.0
0.2
0.4
0.6
0.8
1.0
 
 ZnO NPs
 0.3% La-ZnO NPs
 0.6% La-ZnO NPs
 0.9% La-ZnONPs
 1.0% La-ZnO NPs
C
/C
0
Irradiation time (min)
B
 
Fig. 3.6.1 (B) Change in the concentration of the dye as a function of time on irradiation 
of an aqueous solution of AY 29 in the presence of pure and varying concentration of La-
doped ZnO NPs 
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Fig. 3.6.2 (A) Change in the absorbance as a function of time on irradiation of an aqueous 
solution of AY 29 (max = 406) in the presence of 2.0% Ce-doped ZnO NPs  
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Fig. 3.6.2 (B) Change in the concentration of the dye as a function of time on irradiation 
of an aqueous solution of AY 29 in the presence of pure and varying concentration of Ce-
doped ZnO NPs  
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3.7.2 Photocatalysis of Coomasie Brilliant Blue G250 (CBBG-250) in the presence of 
pure and La/Ce-doped ZnO NPs. 
An aqueous solution of CBBG-250 (200 mL, 0.05 mM) was irradiated in the 
presence of pure or La/Ce-doped ZnO under analogous conditions. Figs. 3.6.3 (A) and 
3.6.4 (A) display the change in absorption intensity at different time interval in the 
presence of 0.9% La and 2.0% Ce-doped ZnO respectively leading to 55% and 47.36% 
degradation of dye in 120 min of irradiation time. Figs. 3.6.3 (B) and 3.6.4 (B) present the 
change in concentration of dye versus irradiation time in the prescene of pure and La/Ce 
doped ZnO at varying concenrtaion of dopant. Whereas in the presence of pure ZnO some 
degradation of dye also take place under visible light source. 
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Fig. 3.6.3 (A) Change in the absorbance as a function of time on irradiation of an aqueous 
solution of CBBG-G250 (max = 584) in the presence of 0.9% La-doped ZnO NPs  
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Fig. 3.6.3 (B) Change in the concentration of the dye as a function of time upon 
irradiation of an aqueous solution of CBBG-G250 in the presence of pure and varying 
concentration of La-doped ZnO NPs 
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Fig. 3.6.4 (A) Change in the absorbance as a function of time on irradiation of an aqueous 
solution of CBBG-G250 (max = 584) in the presence of 2.0% Ce-doped ZnO NPs 
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Fig. 3.6.4 (B) Change in the concentration of the dye as a function of time upon 
irradiation of an aqueous solution of CBBG-G250 in the presence of pure and varying 
concentration of Ce-doped ZnO NPs 
 
3.7.3 Photocatalysis of Acid Green- 25 (AG-25) in presence of pure and La/Ce-doped 
ZnO NPs. 
The irradiation of AG-25 (200 mL, 0.25 mM) in the presence of pure or La/Ce-doped 
ZnO under analogous conditions also lead to the decrease in degradation of the dye with 
irridation time. Figs. 3.6.5 (A) and 3.6.6 (A) show the change in absorbance in the 
presence of 0.9% La-doped and 2.0% Ce-doped ZnO at different time intervals. The 
results indicate that 37.27% and 51.49% degradation of the dye takes place after 120 min 
of irradiation. Figs. 3.6.5 (B) and 3.6.6 (B) display the change in dye concentration as a 
function of irradiation time in the presence pure and La/Ce-doped ZnO at varying 
concentration of dopants. The results indicate some degradation of dye was observed 
under visible light in the presence of pure ZnO. 
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Fig. 3.6.5 (A)  Change in the absorbance as a function of time on irradiation of an 
aqueous solution of AG-25 (max = 640) in the presence of 0.9% La-doped ZnO NPs 
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Fig. 3.6.5 (B) Change in the concentration of the dye as a function of time upon 
irradiation of an aqueous solution of AG-25 in the presence of pure and varying 
concentration of La-doped ZnO NPs 
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Fig. 3.6.6 (A) Change in the absorbance as a function of time on irradiation of an aqueous 
solution of AG-25 (max = 640) in the presence of 2.0% Ce-doped ZnO NPs 
 
0 20 40 60 80 100 120
0.0
0.2
0.4
0.6
0.8
1.0
 Irradiation time (min)
C
/C
0
 ZnO NPs
 0.5% Ce-ZnO NPs
 1% Ce-ZnO NPs
 1.5% Ce-ZnO NPs
 2.0% Ce-ZnO NPs
 2.5% Ce-ZnO NPs
B
 
Fig. 3.6.6 (B) Change in the concentration of the dye as a function of time upon 
irradiation of an aqueous solution of AG-25 in the presence of pure and varying 
concentration of Ce-doped ZnO NPs 
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3.7.4 Photocatalysis of Reactive Red-241 (RR-241) in the presence of pure and 
Nd/Er-doped ZnO NPs. 
The photocatalytic degradation of RR-241(200 mL, 0.012 mM) was also carried out to 
evaluated the efficiency of prepared pure and Er/Nd-doped ZnO NPs. Figs. 3.6.7 (A) and 
3.6.8 (A) display the change in absorbance in the presence of 2.0% Nd-doped and 5.0% 
Er-doped ZnO NPs at different time interval. Where as Figs 3.6.7 (B) and 3.6.8 (B) show 
the change in concentration on irradiation of RR-241 at varying loading of Er and Nd 
dopant. Both Er and Nd doped ZnO NPs were found to degrade the dye and the 
degradation rate was found to increase as the dopant concentration increses at a certain 
limit. Further increase in the dopant concentration lead to decrease in the efficiency of 
prepared catalyst. The results indicate that 89.5% and 78.6% decomposition of RR-241 
dye take place after 10 min in the prescence of 2.0% Nd and Er-doped ZnO respectively. 
It is pertinent to mention here that some degradation of dyes was also observed in the 
prescence of pure ZnO NPs.  
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Fig. 3.6.7 (A) Change in the absorbance as a function of time on irradiation of an aqueous 
solution of RR-241 (max = 542) in the presence of 2.0% Nd-doped ZnO NPs 
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Fig. 3.6.7 (B) Change in the concentration of the dye as a function of time on irradiation 
of an aqueous solution of RR-241 in the presence of pure and varying concentration of 
Nd-doped ZnO NPs 
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Fig. 3.6.8 (A) Change in the absorbance as a function of time on irradiation of an aqueous 
solution of RR-241 (max = 542) in the presence of 5.0% Er-doped ZnO NPs 
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Fig. 3.6.8 (B) Change in the concentration of the dye as a function of time upon 
irradiation of an aqueous solution of RR-241 in the presence of pure and varying 
concentration of Er-doped ZnO NPs  
 
3.7.5 Photocatalysis of Methylene Blue (MB) in the presence of pure and Nd/Er-
doped ZnO NPs. 
An aqueous solution of MB (200 mL, 0.031 mM) was irradiated in an immersion well 
photochemical reactor in the presence of pure or Nd/Er-doped ZnO under constant 
stirring and bubbling of atmospheric oxygen using visible light illumination. The 
degradation of the dye was monitored by measuring the change in the absorbance as a 
function of irradiation time. Figs. 3.6.9 (A) and 3.6.10 (A) display the change in 
absorbance in the presence of 2.0% Nd-doped and 5.0% Er-doped ZnO NPs at different 
time intervals and Figs. 3.6.9 (B) and 3.6.10 (B) show the change in dye concentration as 
a function of irradiation time in the presence pure and Nd/Er-doped ZnO NPs at varying 
concentration of dopants. It could be seen from the Figs that 100% and 87.2%, 
degradation of dye take place after 10 min in the prescence of 2.0% Nd and 5.0% Er-
doped ZnO respectively. However, some degradation of dye take place in the presence of 
pure ZnO NPs due to dye-sensitized mechanism.  
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The photocatalytic activity of pure and doped ZnO NPs was found to increase as 
the concentration of dopant increases from 0 to 0.9% in case of La, 0 to 2.0% in case of 
Ce, 0 to 5% in case of  Er and 0 to 2.0% in case of Nd-doped ZnO NPs. This may be due 
to the fact that under visible light illumination dopant acts as scavenger to trap the 
electron and prevent the electron hole recombination and also by introducing impurity 
level between VB and CB leading to absorption of more visible light as illustrated from 
UV-Vis spectroscopy. The 4f electron transition of dopant lead to enforcement of the 
optical absorption of ZnO NPs and also support the charge carrier separation. Therefore, a 
precise amount of doping can be critical for getting high photocataltyic activity. 
The higher photocatalytic activity of doped ZnO NPs can also be defined by 
following equations.  
         Ln
3+/4+
   +      e                                               Ln
2+/3+
                              (6 )                     
         Ln
2+/3+
  +    O2                                                Ln
3+/4+
       +     O2
•−
        (7) 
The results indicate that the photocatalytic activity of the catalyst decreases at 
higher dopant conentaration. This may be due to occurrence of multiple trapping of 
charge carriers hence, recombination of photogenerated electron–hole pair becomes easier 
and fewer charge carriers will reach the surface to initiate the degradation of the dyes. In 
addition, at high dopant percentage the blocking of light rays or shadowing effect was 
observed. The turbidity of powder takes place due to aggregation of the catalyst particle, 
which decreases the penetration depth of light. The aggregation of ZnO powder cover the 
part of photosensitive surface thereby decreasing the number of surface active sites, 
which  lead to decrease in the photocatalytic activity of the photocatalyst due to an 
increase in the number of electron−hole recombination centers 32–34.  
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Fig. 3.6.9 (A)  Change in the absorbance as a function of time on irradiation of an 
aqueous solution of MB (max = 663) in the presence of 2.0% Nd-doped ZnO NPs 
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Fig. 3.6.9 (B) Change in the concentration of the dye as a function of time upon 
irradiation of an aqueous solution of MB in the presence of pure and varying 
concentration of Nd-doped ZnO NPs 
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Fig. 3.6.10 (A) Change in the absorbance as a function of time on irradiation of an 
aqueous solution of MB (max = 663) in the presence of 5.0% Er-doped ZnO NPs 
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Fig. 3.6.10 (B) Change in the concentration of the dye as a function of time upon 
irradiation of an aqueous solution of MB in the presence of pure and varying 
concentration of Er-doped ZnO NPs 
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The photocatalytic degradation of dyes under visible light irradiation in the 
presence of doped ZnO could be explained in terms of following mechanism. The visible 
light irradiation of an aqueous solution of metal doped ZnO NPs in the presence of 
atmospheric oxygen can lead  to generation of e/h
+
 pair as shown in scheme 3.1 and Eq-9. 
The electrons and holes generated in conduction band and valance band can then react 
with molecular oxygen and water to give  hydroxyl radical and superoxide radical as 
shown in equations 13 & 14 respectively. These reactive species inturn are responsible for 
the degradation of dyes.  
On the other hand, some degradation of dye was also observed in presence of pure 
ZnO NPs which may be due to dye-sensitized mechanism according to equations shown 
in 8-10 respectively.  
 
dye + Visible Light dye*
Doped ZnO + Visible Light ecb
-  +   hvb
+
(8)
(9)
dye* Doped ZnO+ dye
+
ecb
-
(10)+
Ln3+
+ e Ln
2+
(11)
Ln2+ + O2 Ln
3+
+ O2 (12)
ecb
-
+ O2
O2 (13)
hvb
+
+ H2O OH + H+ (14)
O2 + H2O + 2H+ H2O2 + O2 (15)
OH/O2 + Adsorbed dye/dye+ Degradtion products (17)
H2O2 + e OH OH+ (16)
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Scheme 3.1 A plausible mechanism for degradation of dyes using hexagonal nanorod 
ZnO under visible light irradiation 
 
3.8 Conclusions 
A series of visible light induced metal doped ZnO has been synthesized and 
characterization using standard analytical techniques. The XRD analysis of the 
synthesized pure and doped ZnO indicate partial crystalline nature with hexagonal 
wurtzite phase and exhibit no other impurity phase due to dopants. SEM analysis showed 
that the pure ZnO has uniformly hexagonal structure, whereas doped particles have 
similar morphology with rough surfaces. The UV–Vis absorption spectra showed max 
shift towards longer wavelengths. FTIR,  SEM and EDX studies clearly reveal the 
presence of dopants into ZnO matrix. The photocatalytic activity of metal ZnO NPs was 
found to increase with increase in the dopant concentration and a slight decrease in 
efficiency of catalyst was observed at higher dopant concentration. Significantly, 0.9% 
La, 2.0% Ce, 5.0% Er and 2.0 Nd-doped ZnO NPs showed the highest efficiency as 
compared to the other dopant concentrations for the degradation of dyes under 
investigation. 
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Synthesis of an efficient metal doped-Bi2O3 for degradation of dyes in aqueous 
suspension under visible light source 
 
4.1 Abstract 
An efficient bismuth oxide photocatalyst was synthesized by incorporating different 
concentrations of metal ions such as La, Ce, Er and Nd by sol-gel method. The prepared 
samples were characterized by different analytic techniques such as XRD, SEM, UV-Vis and 
FTIR spectroscopy. The XRD pattern of the synthesized samples exhibit only characteristic 
peaks of well crystallized monoclinic -Bi2O3 photocatalyst. It was found that the crystallite 
size of doped Bi2O3 photocatalyst decreases with increasing dopant concentration up to 
certain limit. The SEM images depict that pure Bi2O3 powder display nanorod like 
morphology, whereas doped sample show the similar morphology with rough surfaces. The 
UV-Vis absorption spectra of synthesized materials revealed that doping of rare earth metal 
ions in Bi2O3 lattice shifts absorption edge towards the longer wavelength. The FTIR spectra 
of doped Bi2O3 nanorod show an additional absorption band in region between 750-870 cm
-1
 
characteristic to the linkage between dopant and oxygen. The photocatalytic activity of the 
synthesized materials was evaluated by studying the degradation of three different 
chromophoric dyes in aqueous suspension under visible light illumination. The results 
indicate that the doped Bi2O3 nanorod can effectively degrade all dyes and show higher 
photodegradation than bare Bi2O3. The highest photocatalytic activity for degradation of all 
dyes was observed with La (3.0%), Ce (2.0%), Nd (1.5%) and Er (0.9%). The enhanced 
photocatalytic activity of doped Bi2O3 nanorod can be attributed predominantly due to 
shorting of band gap and efficient charge separation. 
4.2 Introduction  
As discussed in previous chapters that enormous efforts have been put by different 
group of workers all over the world for the development of visible light driven photocatalyst 
for degradation of organic pollutants in aqueous suspension. In addition, narrow band gap 
semiconducting materials have also been used for degradation of hazardous compounds in 
aqueous solution under visible light source. Among the various narrow band gap 
semiconductors Bi2O3 has received considerable attention due to nontoxic property and high 
oxidative power with valence band edge at (∼+3.13 V) relative to NHE 1,2. Bi2O3 is an 
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important semiconductor in modern solid state chemistry due to its unique structure and 
physical properties like high oxygen ion conductivity, refractive index, and dielectric 
permittivity 
3,4
. Pure Bi2O3 exists as five polymorphs such as α- Bi2O3 (monoclinic), β- Bi2O3 
(tetragonal), γ-Bi2O3 (FCC), δ- Bi2O3 (Cubic), ε- Bi2O3 (triclinic) 
5
. The δ- Bi2O3 form was 
obtained from α- Bi2O3 on calcination at 729 
0
C. The δ- Bi2O3 form upon cooling to 650
 0
C 
transforms into β- Bi2O3 form 
6
. Out of these five forms only α- Bi2O3 form is stable at room 
temperature and δ-Bi2O3 form is stable at higher-temperature. α- Bi2O3 (monoclinic) and γ-
Bi2O3 (FCC) are semiconductors, whereas other forms are oxide ion conductors. Each phase 
possesses different physical properties (electrical, optical, photoelectrical, etc.) and 
crystalline structures 
7,8
. However, the photocatalytic activity of pure Bi2O3 was found to be 
poor due to fast recombination rate, photocorrosion and formation of bismuth carbonate, 
(Bi2O2)CO3, during photocatalysis 
9
. Above results restrict the use of Bi2O3 as a suitable 
photocatalyst for the degradation of pollutants in aqueous phase 
4,10
. Therefore, efforts have 
been made by different group of workers to overcome this problem.  The photocatalytic 
activity of pure Bi2O3 has been improved by doping with metals and metal oxides 
11,12
. The 
doping of metal ion may introduce a new energy level between the CB and VB of Bi2O3 
photocatalysts and also act as electron trap on the surface of photocatalyst. The trapping of 
electron can inhibit electron-hole pair recombination during irradiation, thereby increasing 
the lifetime of charge carriers. Few studies on metal doped Bi2O3 nanoparticles have been 
reported in the literature 
13
.  For example, Reddy and co-workers used hydrothermal method 
for the preparation of Sm
3+
-doped Bi2O3 nanoparticles, which show higher photocatalytic 
activity than pure Bi2O3 
14
. Koçyiğit and coworkers also reported the synthesis of doped 
Bi2O3 semiconductor which indicate higher degradation rate than pure bismuth oxide 
15
. The 
literature reports indicate that the rare earth metal ions as dopant have the ability to decrease 
the recombination rate of photo generated electron-hole pair thereby improving the 
photocatalytic efficiencies of pure Bi2O3 materials 
16
. 
Therefore, we have an attempt to synthesize pure Bi2O3 and Bi2O3 doped with 
different  rare earth metals such as La, Ce, Er and Nd using sol gel method followed by their 
characterization using standard techniques. The photocatalytic activities of the prepared 
materials were evaluated by studying the degradation of different chromophoric dyes under 
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visible light illumination as a function of irradiation time in aqueous suspension under 
atmospheric oxygen. 
4.3 Experimental 
4.3.1 Reagents and chemicals 
Bismuth nitrate pentahydrate (Bi(NO3)3·5H2O) was obtained from Otto India Pvt. Ltd . The 
dye derivatives such as Acid Yellow 29 (AY-29), Coomassie Brilliant Blue G250 (CBBG-
250), and Acid Green 25 (AG-25) used for the degradation study were obtained from Sigma-
Aldrich. Nitric acid, (HNO3, 98 wt%), sodium hydroxide (NaOH) and surfactant (Triton-x) 
were obtained from Merck India Pvt. Ltd. The dopant precursors, Lanthanum nitrate 
hexahydrate, ammonium ceric nitrate, Neodymium nitrate and Erbium nitrate hexahydrate 
were purchased from Central Drug House (CDH) India.  All Chemicals used in these studied 
were pure and analytical grade. 
4.3.2 Synthesis of pure and doped Bi2O3 nanorod using sol–gel method 
Pure and doped Bi2O3 photocatalysts were synthesized by sol gel method using reported 
procedure with slight modification 
17
. In a typical procedure, bismuth nitrate pentahydrate 
(0.97 gm, 0.002 M) and surfactant (Triton –X-100, 2 ml) were dissolved in 10 ml Nitric acid 
(1.12 mol/L in water) in a round bottom flask and magnetically stirred to form a 
homogeneous solution at room temperature. An aqueous solution of sodium hydroxide (100 
ml, 0.2 mol/L) was added dropwise into the above solution to give white precipitate. Which 
was heated at 90 
0
C for 3 h, and then the colour of solution changed from white to yellow. 
The yellow precipitate was filtered and washed thoroughly with water and ethanol which was 
dried at 80 
0
C for 3 h to give pure bismuth oxide photocatalyst which was taken as reference 
to compare the photocatalytic activity with rare earth metal doped Bi2O3. 
The bismuth oxide powder was doped with different concentrations of La, Ce, Nd and 
Er by adding a solution of known concentrations of Lanthanum nitrate hexahydrate (varying 
from 0% to 4.0% (w/v)), ammonium ceric nitrate (0 to 2.5 % (w/v)), Neodymium nitrate (0 
to 2.0 %) (w/v)) and Erbium nitrate hexahydrate (0% to 1.2% (w/v) in sodium hydroxide 
solution. The schematic flow chart for the preparation of doped Bi2O3 is shown in Fig. 4.1. 
The formation of Bi2O3 nanoparticles by the sol–gel method generally undergo solvolysis, 
hydrolysis and then transformation into Bi2O3 according to equations shown in Eqs. 1 & 2 
respectively.  
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     Bi(NO3)3  +  H2O                       Bi
3+
  + H2O + NO3
-
                          BiONO3  +  2H
+  
   (1) 
     2BiONO3    +        2OH
- 
                                                 Bi2O3   +   2NO3
-
   +   H2O        (2) 
 
 
 
 
Fig. 4.1 Schematic flow chart for the synthesis of rare earth metal-doped Bi2O3  
 
4.4 Characterization 
The synthesized materials were characterized by standard analytical techniques such as UV-
Vis, X-Ray Diffraction (XRD), Scanning Electron Microscopy (SEM) and Fourier transform 
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infrared spectroscopy (FTIR). The XRD analysis was carried out in the 2range of 20-80 
using Shimadzu XRD (model 6100) with Cu Kα radiations (λ = 1.5418 Å) operated at a 
current of 15 mA and voltage of 30 kV. The UV-Vis measurements were made using 
Shimadzu UV-Vis spectrophotometer (Model 1601) at room temperature. The morphology 
of the particles was examined using SEM analysis (JSM-6700F) with applied voltage of 2 kV 
and 3-8 mm working distance using conducting graphite block. The FTIR analysis was 
recorded in KBr powder using a Perkin-Elmer FTIR spectrophotometer (Spectrum 2).  
4.5 Photocatalytic experiments 
The photocatalytic performance of the prepared materials was tested by studying the 
degradation of three different chromophoric dye derivatives, such as AY-29, CBBG-250 and 
AG-25 in aqueous suspension. For irradiation experiment, an immersion well photochemical 
reactor made of Pyrex glass and a tungsten halogen linear lamp (500 W, 9500 Lumens) was 
used as visible light source. An aqueous solution of dye was taken in the reactor and required 
amount of photocatalysts (Bi2O3/doped-Bi2O3,) was poured into the reactor and sonicated in 
the dark for 30 min and then stirred and bubbled with atmospheric oxygen throughout the 
irradiation experiment. The zero time reading is taken for a blank solution kept in the dark, 
but otherwise treated similarly to the irradiated solution. Sample (5 ml) was collected at 
regular intervals during the irradiation and centrifuged before analysis to remove the 
photocatalyst. The degradation of dye derivatives was monitored by measuring the 
absorbance at their max using UV-Vis spectrophotometer. 
The degradation % () was calculated by the Eq. (3) as given below. 
 

C0 C
=
C0
X 100 % (3)
 
Where C0 is the initial concentration and C is concentration at time t.  
4.6 Results and Discussion 
4.6.1 XRD Analysis  
The phase structure of the prepared materials was investigated with the help of XRD 
analysis. The XRD pattern of pure Bi2O3 and Bi2O3 doped with different concentrations of 
La, Ce, Nd and Er are shown in Figs. 4.2.1, 4.2.2, 4.2.3 and 4.2.4 respectively.  The XRD 
analysis results show that all peaks corresponds to monoclinic phase and crystalline nature of 
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-Bi2O3. The XRD pattern of prepared photocatalyst indicate five characteristic peaks at 
27.0
0 
(111), 33.26
0 
(200), 46.25
0 
(220), 52.12
0
 (311) and 54.63
0 
(222). The XRD pattern of 
doped Bi2O3 photocatalyst displays no impurity peak due to incorporation of metal in Bi2O3 
matrix. The average crystallite size of pure and doped Bi2O3 photocatalyst was determined by 
Debye Scherer formula given in Eq. (4).  
D  =
K
cos 
(4)
 
Where D is the crystallite size, K is the shape factor,  is the wavelength,  is the diffraction 
angle and is the full width at half maximum (FWHM). Table 4.1 reveals the crystallite size 
of the synthesized photocatalysts, which were estimated by FWHM of the XRD peak (111) 
using the Debye–Scherer equation. It could be seen from the table that the crystallite size 
decreases with the increase in dopant concentration.  
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Fig. 4.2.1 XRD pattern of pure and different % of La-doped Bi2O3  
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Fig. 4.2.2 XRD pattern of pure and different % of Ce-doped Bi2O3  
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Fig. 4.2.3 XRD pattern of pure and different % of Nd-doped Bi2O3  
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Fig. 4.2.4 XRD pattern of pure and different % of Er-doped Bi2O3  
 
S. No. Different % of 
La/ Crystallite 
size  (nm) 
Dopant % of 
Ce/ Crystallite 
size (nm) 
Dopant % of 
Nd/ Crystallite 
size (nm) 
Dopant % of 
Er/ Crystallite 
size (nm) 
1 0.0 / 59.75 0.0 / 59.75 0.0 / 59.75 0.0 / 59.75 
2 1.0 / 44.45 0.5 / 41.91 0.5 / 40.89 0.3 / 45.91 
3 2.0 / 42.61 1.0 / 39.23 1.0 / 38.87 0.6 / 43.34 
4 3.0 / 39.32 1.5 / 37.44 1.5 / 36.67 0.9 / 38.90 
5 4.0 /34.12 2.0 /35.89 2.0 /34.51 1.2/33.76 
6  2.5 /33.75   
 
Table 4.1 Crystallite size of pure and different % of La, Ce, Nd, Er-doped Bi2O3  
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4.6.2 UV–Vis analysis  
The UV–Visible spectroscopic analysis of pure Bi2O3 and different % of La, Ce, Nd and Er 
doped Bi2O3 photocatalysts was investigated and the results are presented in Figs. 4.3.1, 
4.3.2, 4.3.3 and 4.3.4 respectively. The results clearly indicate that the fundamental 
absorption edge of Bi2O3 gradually shift towards longer wavelength with increase in dopant 
concentration up to certain limit. Further increases in dopant concentration lead to slight 
decrease in absorption edge. This may be due to the deposition of metals ion on the surface 
of Bi2O3 which intern may reduce the effective surface area of absorbing light. Similar results 
have been reported earlier by Umar et al 
18
. The band gap energies of pure and doped Bi2O3 
materials are listed in Table 4.2 and calculated from UV-Vis spectral analysis using Eq. (5) 
as shown below. 
Band gap (ev)  =
1240
Wavelength (nm)
(5)
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Fig. 4.3.1 Absorption spectra of pure and La-doped Bi2O3 
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Fig. 4.3.2 Absorption spectra of pure and Ce-doped Bi2O3 
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Fig. 4.3.3 Absorption spectra of pure and Nd-doped Bi2O3 
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Fig. 4.3.4 Absorption spectra of pure and Er-doped Bi2O3 
    
S. No Dopant (%) of 
La/Band gap  
Dopant (%) of  
Ce/Band gap 
Dopant (%) of 
Nd/Band gap  
Dopant (%) of 
Er/Band gap  
1 00/2.80 00/2.80 00/2.80 00/2.80 
2 1.0/2.60 0.5/2.70 0.5/2.75 0.3/2.72 
3 2.0/2.51 1.0/2.62 1.0/2.67 0.6/2.63 
4 3.0/2.42 1.5/2.54 1.5/2.58 0.9/2.55 
5 4.0/2.46 2.0/2.48 2.0/2.61 1.2/2.59 
6  2.5/2.50   
 
Table 4.2 Band gap of pure and different % of La, Ce, Nd and Er-doped Bi2O3  
 
4.6.3 SEM Analysis 
The morphological characterization of prepared pure Bi2O3 and La, Ce, Nd, and Er doped 
Bi2O3 particles were studied by SEM analysis. The morphology of synthesized pure and 
doped Bi2O3 particles is presented in Fig. 4.4 (a-e). The SEM analysis indicates that the 
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synthesized particles are flower and elongated rod like structure. The SEM images of the 
fabricated materials at different magnifications indicate that the pure Bi2O3 is flower and 
highly compact rod like structure with sharp edge, while doping with different concentration 
of La, Ce, Nd and Er show similar morphology with rough surface, implying the deposition 
of dopant on the surface of Bi2O3.  
4.6.4 FT-IR analysis  
FT-IR analysis of the pure Bi2O3 and metal doped Bi2O3 was carried out in order to see the 
incorporation of dopants in to the matrix of Bi2O3. Fig. 4.5 present the FT-IR spectra of pure 
and La, Ce, Nd, Er doped Bi2O3 photocatalysts. A broad absorption peak in the region 
between 492-544 cm
-1 
in pure Bi2O3 is assigned to the Bi–O stretching vibration 
19–22
. The 
doping of Bi2O3 powder with different metals such as La, Ce, Nd and Er leads to sharpening 
of band and appearance of a new absorption band in the region 750-870 cm
-1
 which may be 
due to the linkage between dopant and oxygen 
19,21,23
. A broad absorption in the region 
between 3400–3500 cm-1 is attributed to the stretching vibration of hydrogen bonded OH due 
to presence of small amount of water. 
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Fig. 4.4 (a) SEM images of pure Bi2O3 photocatalyst 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.4 (b) SEM images of La doped Bi2O3 photocatalyst 
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Fig. 4.4 (c) SEM images of Ce doped Bi2O3 photocatalyst 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.4 (d) SEM images of Nd doped Bi2O3 photocatalyst 
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Fig. 4.4 (e) SEM images of Er doped Bi2O3 photocatalyst 
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Fig. 4.5 FT-IR Spectra of pure and doped-Bi2O3 photocatalysts 
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4.7 Photocatalytic activity 
4.7.1 Photocatalytic degradation of Acid Yellow 29 (AY-29) in presence of La, Ce, Nd 
and Er-doped Bi2O3  
The photocatalytic activity of synthesized pure Bi2O3 and Bi2O3 doped with different metals 
was tested by studying the degradation of different chromophoric dyes in aqueous 
suspension. In a typical experiment, an aqueous solution of an azo dye such as AY-29 (0.25 
mM, 200 ml) was irradiated in the presence of desired amount of La-doped Bi2O3 
photocatalyst with a visible light halogen lamp (500 W, 9500 lumens) in an immersion well 
photochemical reactor with constant stirring and bubbling of atmospheric oxygen. The 
reaction was monitored by measuring the change in absorbance as function of time using 
UV-Vis spectrophotometer. The decrease in absorption intensity at different time interval on 
irradiation of an aqueous suspension of AY-29 in the presence of 3.0% La doped Bi2O3 is 
shown in Fig 4.6.1 (A) where 88% degradation of dye was observed in 120 min. The 
photocatalytic efficiency of pure Bi2O3 and Bi2O3 doped with different % of La was 
evaluated by measuring the change in concentration of AY-29 as a function of time which is 
presented in Fig 4.6.1 (B). It could be seen from the figure that the degradation of the dye 
gradually increases with increase in dopant % from 1 to 3 % loading of La on the surface of 
Bi2O3. A further increase in dopant % leads to decrease in the efficiency of photocatalyst for 
degradation of AY-29 dye.  
 The photocatalytic efficacy of Bi2O3 doped with other metals such as Ce, Nd and Er 
at varying % loading was also investigated by studying the degradation of AY-29 under 
analogous condition. Figs. 4.6.2 – 4.6.4 (A) display the change in absorbance at different 
time interval on irradiation of an aqueous solution of dye in the presence of 2.0% Ce, 1.5% 
Nd and 0.9% Er doped Bi2O3. Figs. 4.6.2 – 4.6.4 (B) show the change in concentration as a 
function of time on irradiation of an aqueous solution of AY-29 in the presence of pure Bi2O3 
and different % doping of Ce, Nd and Er on Bi2O3 matrix under similar conditions. The 
results indicate that 83%, 82% and 85% degradation of AY-29 dye takes place in 120 min 
over 2.0% Ce, 1.5% Nd and 0.9% Er doped Bi2O3 respectively. Here also the efficiency of 
photocatalyst was found to increase with the increase in dopant concentration up to a certain 
limit and a decrease in efficiency of photocatalyst was observed at higher dopant 
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concentration. It is pertinent to mention here that some degradation of dye was also observed 
in the presence of pure Bi2O3 under visible light. 
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Fig. 4.6.1 (A) Change in absorbance on irradiation of an aqueous suspension of AY-29 (max 
= 406) in the presence of La (3.0%)-doped Bi2O3 at different time interval  
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Fig. 4.6.1 (B) Change in concentration as a function of time on irradiation of an aqueous 
solution of AY-29 in the presence of pure and different % of La-doped Bi2O3  
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Fig. 4.6.2 (A) Change in absorbance on irradiation of an aqueous suspension of AY-29 (max 
= 406) in the presence of 2.0% Ce-doped Bi2O3 at different time interval 
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Fig. 4.6.2 (B) Change in concentration as a function of time on irradiation of an aqueous 
solution of AY-29 in the presence of pure and different % of Ce-doped Bi2O3  
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Fig. 4.6.3 (A) Change in absorbance on irradiation of an aqueous suspension of AY-29 (max 
= 406) in the presence of 1.5 % Nd -doped Bi2O3 at different time interval 
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Fig. 4.6.3 (B) Change in concentration as a function of time on irradiation of an aqueous 
solution of AY-29 in the presence of pure and different % of Nd-doped Bi2O3  
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Fig. 4.6.4 (A) Change in absorbance on irradiation of an aqueous suspension of AY-29 (max 
= 406) in the presence of 0.9% Er-doped Bi2O3 at different time interval 
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Fig. 4.6.4 Change in concentration as a function of time on irradiation of an aqueous solution 
of AY-29 in the presence of pure and different % of Er-doped Bi2O3  
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4.7.2 Photocatalytic degradation of Coomassie Brilliant Blue G250 (CBBG-250) in 
presence of La, Ce, Nd and Er-doped Bi2O3  
The photocatalytic efficiency of the synthesized pure and metal doped Bi2O3 was also 
investigated by studying the degradation of another dye containing anthraqnuione 
functionality such as CBBG-250.  As usual an aqueous solution of the dye, CBBG-250 (0.05 
mM, 200 ml) was irradiated in the presence of desired metal doped photocatalyst in an 
immersion well photochemical reactor under visible light source with constant stirring and 
bubbling of atmospheric air. Figs. 4.6.5  4.6.8 (A) shows the change in absorption intensity 
at their max at different time interval in the presence of 3.0% La, 2.0% Ce, 1.5% Nd and 
0.9% Er doped Bi2O3. The results indicate that 96%, 88%, 84% and 86% degradation of 
CBBG-250 dye takes place after 120 min of irradiation. Figs. 4.6.5  4.6.8 (B) display the 
change in concentration of the dye at different time interval in the presence of pure and 
different % of La, Ce, Nd and Er-doped Bi2O3.  
 
4.7.3 Photocatalysis of Acid Green 25 (AG-25) in presence of La, Ce, Nd and Er-doped 
Bi2O3 
The efficiency of the prepared photocatalysts was also investigated by studying by 
degradation of AG-25 in the presence of pure Bi2O3 and doped Bi2O3 under analogous 
conditions. Figs. 4.6.9  4.6.12 (A) displays the change in absorbance of AG-25 as a function 
of time in the presence of 3.0% La, 2.0% Ce, 1.5% Nd and 0.9% Er-doped Bi2O3. The results 
indicate that 74 - 90% degradation of the AG-25 dye takes place in 120 min of irradiation 
respectively. Figs. 4.6.9  4.6.12 (B) present the change in concentration at different time 
intervals in the presence of pure and different % of La, Ce, Nd and Er-doped Bi2O3 
photocatalysts respectively. 
 The results indicate that the photocatalytic activity of metal doped Bi2O3 
semiconductor was found to be higher than pure Bi2O3 photocatalysts. It is assumed that the 
dopants can either generate an impurity band or can be deposit on the surface of 
semiconductor, which may intern reduce the e/h
+
 pair recombination rate and increase the life 
time of photogenerated charge carrier. The detailed mechanism involved in the photocatalytic 
degradation of dyes using metal doped semiconducting materials in aqueous suspension in 
the presence of molecular oxygen  have already been discussed in earlier chapters.   
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Fig. 4.6.5 (A) Change in absorbance on irradiation of an aqueous suspension of CBBG-250 
(max = 584) in the presence of 3.0% La-doped Bi2O3 at different time interval 
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Fig. 4.6.5 (B) Change in dye concentration as a function of time on irradiation of an aqueous 
solution of CBBG-250 in the presence of pure and different % La-doped Bi2O3 
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Fig. 4.6.6 (A) Change in absorbance on irradiation of an aqueous suspension of CBBG-250 
(max = 584) in the presence of 2.0% Ce-doped Bi2O3 at different time interval 
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Fig. 4.6.6 (B) Change in dye concentration as a function of time on irradiation of an aqueous 
solution of CBBG-250 in the presence of pure and different % Ce-doped Bi2O3  
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Fig. 4.6.7 (A) Change in absorbance on irradiation of an aqueous suspension of CBBG-250 
(max = 584) in the presence of 1.5% Nd-doped Bi2O3 at different time interval 
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Fig. 4.6.7 (B) Change in the dye concentration as a function of irradiation time of an aqueous 
solution of CBBG-250 in the presence of pure and different % of Nd-doped Bi2O3  
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Fig. 4.6.8 (A) Change in absorbance on irradiation of an aqueous suspension of CBBG-250 
(max = 584) in the presence of 0.9% Er-doped Bi2O3 at different time interval 
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Fig. 4.6.8 (B) Change in concentration as a function of time on irradiation of an aqueous 
solution of CBBG-250 in the presence of pure and different % of Er-doped Bi2O3  
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Fig. 4.6.9 (A) Change in absorbance on irradiation of an aqueous suspension of AG-25 (max 
640) in the presence of 3.0% La-doped Bi2O3 at different time interval 
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Fig. 4.6.9 (B) Change in concentration as a function of time on irradiation of an aqueous 
solution of AG-25 in the presence of pure and different % of La-doped Bi2O3  
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Fig. 4.6.10 (A) Change in absorbance on irradiation of an aqueous suspension of AG-25 
(max = 640) in the presence of 2.0% Ce-doped Bi2O3 at different time interval 
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Fig. 4.6.10 (B) Change in concentration as a function of time on irradiation of an aqueous 
solution of AG-25 in the presence of pure and different % of Ce-doped Bi2O3  
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Fig. 4.6.11 (A) Change in absorbance on irradiation of an aqueous suspension of AG-25 
(max = 640) in the presence of 1.5% Nd-doped Bi2O3 at different time interval 
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Fig. 4.6.11 (B) Change in concentration as a function of time on irradiation of an aqueous 
solution of AG-25 in the presence of pure and different % of Nd-doped Bi2O3  
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Fig. 4.6.12 (A) Change in absorbance on irradiation of an aqueous suspension of AG-25 
(max = 640) in the presence of 0.9% Er-doped Bi2O3 at different time interval  
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Fig. 4.6.12 (B) Change in concentration as a function of time on irradiation of an aqueous 
solution of AG-25 in the presence of pure and different % of Er-doped Bi2O3  
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4.8 Conclusion 
The semiconductor such as bismuth oxide doped with different metals has been successfully 
synthesized by sol gel method using bismuth nitrate. The analysis of synthesized materials 
indicates the incorporation of different metals in the Bi2O3 matrix. The results also indicate 
that the products are present in pure monoclinic -phase. The SEM images at different 
magnification display nanorod like morphology. The UV–Vis absorption spectra showed a 
gradual shift in max towards longer wavelength with the increase in dopant concentration up 
to certain limit. Further increases in dopant concentration lead to slight shift in max toward 
shorter wavelength. The photocatalytic performance of pure Bi2O3 and different metal doped 
Bi2O3 were evaluated by studying the degradation of three different chromophoric dyes and 
the results reveal that the doped Bi2O3 display higher degradation of all dye under visible 
light source as compared to pure Bi2O3 nanorod. The enhancement in the photocatalytic 
activity is attributed due to the reduction of recombination rate of photogenerated electron-
hole pair and absorption of more visible light. The photocatalytic activity of Bi2O3 nanorod 
with dopant concentration of 3.0% La, 2.0% Ce, 1.5% Nd and 0.9% Er-doped Bi2O3 showed 
highest efficiency as compared to the other dopant concentration for the degradation of all 
the dyes under investigation. 
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A facile approach for synthesis of visible light driven Na-g-C3N4/DyVO4 
mesoporous nanocomposite with superior photocatalytic activity for 
degradation of dyes in aqueous suspension  
 
5.1 Abstract  
This chapter deals with the synthesis of sodium doped graphitic carbon nitrite (Na-g-
C3N4) coupled with dysprosium vanadate (DyVO4) using hydrothermal, calcination and 
ultra-sonication method. The catalyst has been synthesized in different weight ratios of 
DyVO4 with Na-g-C3N4. The prepared nanocomposites were characterized by standard 
techniques such as X-ray diffraction (XRD), Brunauer −Emmett −Teller method (BET), 
scanning electron microscopy (SEM), energy dispersive X-ray spectroscopy (EDX) 
transmission electron microscopy (TEM), Fourier transform infrared spectroscopy (FT-IR) 
and UV-Vis spectroscopy. The photocatalytic activity of synthesized materials was evaluated 
by studying the degradation of different model compounds such as Rodamine B (RhB), 
Methyl Orange (MO) and Methylene Blue (MB) under visible light irradiation. The Na-g-
C3N4/DyVO4 nanocomposite exhibit superior photocatalytic activity as compared to pure 
DyVO4 and Na-g-C3N4 respectively. The remarkable enhanced photocatalytic activity of 
synthesized composite materials could be attributed to generation of heterojunction between 
Na-g-C3N4 and DyVO4 and efficient separation of photogenerated charge carrier as 
confirmed by photoluminescence (PL) spectra. A possible mechanism for photocatalytic 
degradation of model compounds over Na-g-C3N4/DyVO4 composite has been discussed. 
5.2 Introduction  
Semiconductor mediated heterogeneous photocatalysis has gained intensive attention 
and emerged as most promising and green technology to overcome the energy crisis and 
environmental problem because it can utilize clean, safe, inexhaustible and renewable solar 
energy for elimination of toxic chemical pollutants from air and water system 
1–3
.  Significant 
attention has recently been focused for the development of novel visible light driven 
photocatalysts, which can directly split water and degrade the hazardous environmental 
pollutants using sun light 
4
. Recently various semiconducting materials such as Bi2O3, 
Bi2WO6, BiVO4, Ag3PO4, BiOI etc has been used for degradation of pollutants in the 
presence of sun light 
5–9
. Among reported solar light driven semiconductors as a 
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photocatalyst, polymeric graphitic carbon nitride (g-C3N4) has attracted enormous scientific 
interest due to its remarkable potential applications in solar energy conversion, 
photocatalysis, water splitting, hydrogen gas production and photocatalytic reduction of CO2 
owing to its unique properties such as good chemical & thermal stability, electronic and 
optical property. They are easily prepared by the polymerization of melamine, 
dicyandiamide, cyanamide, urea and thiourea 
10–16
. However, pure g-C3N4 photocatalyst still 
suffer from some disadvantages such as rapid recombination rate of photogenerated charge 
carrier, low quantum efficiency and insufficient visible light absorption 
17,18
. Therefore,  
number of attempts have been employed to improve the visible light photocatalytic activity 
of pure g-C3N4 by designing mesoporous structure 
19
, doping with metal and non-metal 
20–22
 
and construction of heterojunction composite by coupling with other semiconductors 
23–25
. 
Among these methods construction of heterojunction nanocomposite by coupling with 
suitable semiconductor is an effective and simple strategy because this provides not only 
greater driving forces to improve the separation and transfer of photogenerated electron 
−hole pairs as well as extends the light absorption response of the photocatalyst towards 
higher wave length. Enormous amount of work is being carried out and published every year 
in this area and therefore it is difficult to compile all the literature here. However, some 
papers of our interested have been cited here. For example synthesis and photocatalytic 
activity of g-C3N4/CdS,
26
 g-C3N4/TaON,
25
 g-C3N4/ZnO,
27
 g-C3N4/ZnWO4,
28
 g-
C3N4/Bi2WO6,
29
 g-C3N4/BiPO4,
30
 g-C3N4/N-TiO2,
31
 g-C3N4/N-NaNbO3,
32
 and vanadate 
(GdVO4, Ag3VO4, SmVO4, BiVO4) 
33–36
 have been investigated in the past by different 
research groups. 
On the other hand, DyVO4 semiconductor has been reported to be a promising 
photocatalyst for degradation of pollutants under visible light source. Moreover, the band 
position of DyVO4 and Na-g-C3N4 match in such that the photogenerated electron in CB 
band of DyVO4 can readily be transferred to LUMO level of Na-g-C3N4 and holes in HOMO 
of Na-g-C3N4 can be transferred to valence band of DyVO4 due to the lower HOMO level of 
Na-g-C3N4 versus the CB band of DyVO4. Therefore, efficient separation of photogenerated 
charge carrier takes place due to synergistic effect between Na-g-C3N4 and DyVO4. The 
construction of hetero-junction between DyVO4 (2.3 eV) 
37
 and Na-g-C3N4 (2.61 eV) 
38
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could be an effective method for  superior photocatalytic activity for degradation of organic 
pollutants under visible light source.  
 Therefore, we have made an attempt to synthesize Na-g-C3N4/DyVO4 hybrid 
heterojunction nanocomposite with different weight ratios of DyVO4 using a facile 
hydrothermal, calcination and ultrasonicated self-assembly method followed by their 
characterization using standard analytical techniques. Three different model compounds such 
as RhB, MO and MB have been chosen to evaluate the efficiency of fabricated 
heterojunction nanocomposites under visible light source.  
5.3 Experimental section  
5.3.1 Reagents and chemicals 
Dysprosium nitrate, vanadium pentaoxide and dicyanamide were obtained from alfa aesar 
whereas; RhB, MO MB were obtained from Sigma-Aldrich and used as such without any 
purification. The water used in all experiments was double distilled.  
5.3.2 Synthesis of nanocomposites (g-C3N4/DyVO4)  
The sodium doped graphitic carbon nitrite (Na-g-C3N4) photocatalyst was synthesized 
by the reported procedure using facile impregnation method with slight modification 
26
. In a 
typical procedure, dicyanamide (4 g, 0.04M) and NaOH (10 ml, 0.1M) were mixed in 30 ml 
water in a round bottomed flak and sonicated for 0.5 h at room temperature. The resulting 
mixture was heated with continuous stirring until all water gets evaporated. The solid 
material was filtrated and washed with double distilled water and ethanol several times to 
remove possible impurities before being dried in an oven at 60 
0
C. The white solid was 
calcined in semiclosed alumina crucible at 520 
0
C for 2 h in muffle furnace. The crucible was 
cooled to room temperature, the yellow solid was collected and grounded into powder. The 
metal free graphitic carbon nitrite (g-C3N4) photocatalyst was also synthesized by same 
procedure without NaOH. Finally graphitic carbon nitrite (g-C3N4) was obtained in powder 
form, which was taken as reference to compare the photocatalytic activity with synthesized 
nanocomposite. 
 The DyVO4 was prepared by the reported procedure using a hydrothermal 
method with slight modification 
39
. Briefly, dysprosium nitrate (2.64 g, 0.2M) was dissolved 
in 30 ml water in a round bottom flask and magnetically stirred to form a homogeneous 
solution at room temperature. A solution of vanadium pentaoxide (1.091 g, 0.2M) in water 
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(30 ml) was added to the above solution with continuous stirring to give a suspension, which 
was transferred into 100 ml Teflon-lined stainless steel hydrothermal autoclave and heated in 
an electric muffle furnace at 180 
0
C for 10 h. The yellow precipitate so obtained was 
centrifuged, filtered, washed with water and ethanol which was then dried in oven at 60 
0
C 
followed by calcination at 600 
0
C for 2 h. Finally the obtained solid was collected and 
grounded into powder which was also taken as reference for comparing the photocatalytic 
activity with the synthesized composite materials. 
The Na-g-C3N4/DyVO4 nanocomposite was prepared by the reported procedure using 
a ultrasonicated self-assembly method with slight modification 
26
. In a typical synthesis, Na-
g-C3N4 (850 mg) and DyVO4 (150 mg) was dispersed in water (100 ml) and ultrasonicated 
for 30 min at room temperature. The resulting mixture was heated with stirring until the 
water was evaporation to give a solid material which was filtration, washed with water, 
ethanol and dried at 60 
0
C for 2 h and then calcined at 500 
0
C for 1 h. A series of Na-g-
C3N4/DyVO4 nanocomposites with different weight ratio of Na-g-C3N4 and DyVO4 were 
synthesized by varying the weight ratio of both precursors such as i) DyVO4 (5mg) – Na-g-
C3N4 (95mg), ii) DyVO4 (10mg) – Na-g-C3N4 (90mg), iii) DyVO4 (15mg) – Na-g-C3N4 
(85mg), iv) DyVO4 (20mg) – Na-g-C3N4 (80mg) and marked as 5, 10, 15 and 20% of 
DyVO4/Na-g-C3N4 respectively.  
5.4 Characterization 
The synthesized materials were characterized using standard techniques as mention in 
previous chapters. In addition the surface morphology of photocatalyst was also examined by 
transmission electron microscopy (TEM, JEM-2100, JEOL) and photoluminescence (PL) 
spectrum of the fabricated nanocomposites were recorded using Hitachi (F-2500) with a Xe 
lamp at 310 nm excitation wavelength. The Brunauer −Emmett −Teller (BET) specific 
surface area was evaluated using a Micromeritics Flow Sorb II (2300) by N2 
adsorption/desorption analyzer.           
5.5 Photocatalytic activity test  
The photocatalytic efficiency of prepared photocatalysts was examined by studying the 
degradation of different dyes such as RhB, MO and MB in aqueous suspension in an 
immersion well photochemical reactor with a tungsten halogen linear lamp (500 W) under 
analogous conditions as motioned in previous chapters. 
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5.6 Results and Discussion 
5.6.1 XRD analysis 
The crystal structure and phase composition of synthesized nanocomposites were analyzed 
with the help of XRD analysis. The powder XRD patterns of pure g-C3N4, Na- g-C3N4 and 
DyVO4 along with composites of Na-g-C3N4/DyVO4 with different weight ratio of Na-g-
C3N4 and DyVO4  are presented in Fig. 5.1. The XRD pattern of pure g-C3N4 and Na- g-C3N4 
shows an absorption at 27.5
0
 which could be indexed as (002) corresponding to the long-
range interplanar stacking peaks of conjugated aromatic units. The same has been reported 
earlier by J.Liu et al 
39
 and J. Sun et 
40
. The XRD pattern of pure DyVO4 shows several 
absorption peaks which could be indexed to the tetragonal phase of DyVO4. The DyVO4/Na-
g-C3N4 nanocomposites exhibit a coexistence of both DyVO4 and Na-g-C3N4 phases 
indicating the formation of heterojunction between DyVO4 and Na-g-C3N4.  
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Fig. 5.1 XRD pattern of pure g-C3N4, Na-g-C3N4, DyVO4 and different weight % of Na-g-
C3N4/DyVO4 composites  
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5.6.2 FT-IR analysis 
The coexistence of both DyVO4 and Na-g-C3N4 phases in the synthesized material was 
further confirmed by FT-IR analysis. Fig. 5.2 displays the FT-IR spectra of pure g-C3N4, Na-
g-C3N4, DyVO4 and DyVO4/Na-g-C3N4 hybrid. The FT-IR spectrum of Na-g-C3N4 was more 
or less similar to that of pure g-C3N4 indicating peak at 812 cm
-1
 which is attributed to the 
presence of breathing mode of the s-triazine unit in g-C3N4 
40,41
. The characteristic absorption 
band at 16 39.08 cm
-1
 is assign to C–N heterocyclic stretching vibration modes, whereas the 
peaks at 1238.26, 1317.88, 1407.18 and 1571.08 cm
-1
 are corresponding to aromatic C−N 
stretching vibration modes 
42,43
. A broad absorption peak between 3010-3414 cm
-1
 is ascribed 
to the stretching vibration of N−H and H-bonded O−H due to presence of adsorbed water 
41,44
. For pure DyVO4, the peaks at 586.56 and 818.32 cm
-1
 belong to stretching vibration of 
V-O (from VO4
3-
 group) and Dy-O 
45–47
. The FT-IR of DyVO4/Na-g-C3N4 composite retained 
the characteristic peaks of both DyVO4 and Na-g-C3N4 phases.  
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Fig. 5.2 FT-IR spectra of Na-g-C3N4, pure g-C3N4, DyVO4 and 15 % of Na-g-C3N4/DyVO4 
composite  
 
5.6.3 SEM, EDX and TEM analysis 
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The surface morphology and microstructure of pure g-C3N4, Na-g-C3N4, DyVO4 and Na-g-
C3N4/DyVO4 composites were analyzed by scanning electron microscopy (SEM). Fig. 5.3 
(A, B) shows the SEM of pure g-C3N4 and Na-g-C3N4 which indicate porous sheet like two 
dimensional lamellar structures. It could be seen from the figure (A,B) that the surface of g-
C3N4 and Na-g-C3N4 are made up of interconnected network of randomly shaped smooth 
sheet with small pores, which may arise due to release of different gases such as CO2, H2O 
and NH3 during thermal decomposition 
48
. Fig. 5.3 (C) shows that DyVO4 nanoparticle 
exhibit rod like structure with an average diameter of about 60 nm and also display the 
structure with random shape. Fig. 5.3 (D) reveal the SEM image of DyVO4/Na-g-C3N4 
composite, the morphology displays the combination of both DyVO4 and Na-g-C3N4 phases. 
It could be clearly seen from the Fig. 5.3 (D) that the amounts of DyVO4 nanoparticles are 
found to be randomly deposited and dispersed throughout the surface of Na-g-C3N4 sheets, 
resulting the formation of heterojunction between two phases. 
 Transmission electron microscopy (TEM) analysis was used to further confirm the 
structural feature, heterojunction and insight architecture of synthesized nanocomposite. Fig. 
5.4 (A-C) display TEM picture of pure g-C3N4, Na-g-C3N4, DyVO4 and DyVO4/Na-g-C3N4 
hybrid heterojunction photocatalyst. Fig. 5.4 (A) shows the TEM image of Na-g-C3N4 which 
displays planner smooth sheet like morphology whereas Fig. 4.4 (B) shows the TEM image 
of pure DyVO4 indicating nanorod like structure with size ranging from 10 – 20 nm. TEM 
photograph of 15% DyVO4/Na-g-C3N4 hybrid nanocomposite as shown in Fig 5.4 (C) 
indicate the presence of two different types of phases. The dark rod like structure could be 
assigned to DyVO4 because the electron beam does not pass easily with heavy atom, while 
the less dark or gray area could be assign to Na-g-C3N4 
49
. The results indicate that Na-g-
C3N4 sheets are decorated with highly dispersed nanorod and there is no free DyVO4 nanorod 
outside the sheet, which intercept the aggregation of the DyVO4 nanorods. A layer of 
stacking of graphite are also observed in the TEM image which may result due to presence of 
conjugated aromatic rings of tri-s-triazine units in adjacent layers. TEM picture [Fig. 5.4 (C)] 
clearly displays intimate interfaces between DyVO4 and Na-g-C3N4 in the synthesized 
composite, which confirms the formation of heterojunction. The observed heterojunction is 
responsible for fast interfacial charge transfer, which is beneficial for the separation of 
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photogenerated electron-hole pair and thus leading to improvement in the photocatalytic 
activity for degradation of pollutants.   
 The distribution of metals and non – metals in the synthesized nanocomposite was 
investigated by Energy-dispersive X-ray spectroscopy (EDS) analysis which is shown in Fig. 
5.5. The % of C, N, O, V, Dy and Na was found to 30.34, 57.07, 4.27, 2.33, 5.99 and 2.15 
respectively. 
      
 
 
Fig. 5.3 (A) SEM image of pure g-C3N4, (B) Na-g-C3N4  
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Fig. 5.3 (C) SEM image of pure DyVO4  
 
 
Fig. 5.3 (D) SEM image of 15 % of Na-g-C3N4/DyVO4 nanocomposite 
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Fig. 5.4 (A) TEM image of pure g-C3N4, (B) pure DyVO4  
 
 
Fig. 5.4 (C) TEM image of 15 % of Na-g-C3N4/DyVO4 nanocomposite 
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Fig. 5.5 EDX spectrum of Na-g-C3N4/DyVO4 nanocomposite 
 
5.6.4 BET analysis 
The specific surface area (SBET) for pure g-C3N4, Na-g-C3N4, DyVO4 and different Wt% of 
Na-g-C3N4/DyVO4 composite were performed using Brunauer–Emmett–Teller (BET) 
method under nitrogen adsorption-desorption at 77 K and the results are given in Table 5.1. 
The SBET area of composite materials at all wt% ratios was found to be higher than that of 
pure g-C3N4, Na-g-C3N4, and DyVO4 respectively. The SBET area of composite materials was 
found to increase in wt% ratio of DyVO4 from 5 to 15% However, a further increase in wt% 
of DyVO4 lead to decrease in SBET area due to aggregation and adhesion of DyVO4 nanorod. 
The increase in SBET area of composites, indicate successful deposition of DyVO4 rod into 
pores of Na-g-C3N4 sheet. Similar observations have reported earlier on deposition of FeVO4 
on g-C3N4 
50
.  
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Photocatalysts SBET (m
2
g
-1
) 
Pure DyVO4 4.55 
pure g-C3N4 9.4 
Na-g-C3N4 11.52 
5% g-C3N4/DyVO4 13.34 
10% g-C3N4/DyVO4 20.13 
15% g-C3N4/DyVO4 25.33 
20% g-C3N4/DyVO4 16.22 
 
Table 5.1 Specific surface area of pure g-C3N4, Na- g-C3N4, DyVO4 and different wt% of 
Na-g-C3N4/DyVO4 nanocomposite  
  
5.6.5 UV–Vis analysis 
The optical properties of the fabricated materials were investigated by using UV-Vis 
absorption spectroscopy. Fig. 5.6 shows the UV-Vis absorption spectra of pure g-C3N4, Na-
g-C3N4, DyVO4 and Na-g-C3N4/DyVO4 hybrid nanocomposite with different weight ratio of 
DyVO4. It could be clearly seen from the figure that on introduction of wide band gap 
semiconducting material such as DyVO4 (max 530 nm 2.33 eV) into Na-g-C3N4 (max 475 
nm, 2.61 eV) the absorption edge of Na-g-C3N4/DyVO4 hybrid nanocomposite was found to 
gradually increase towards longer wavelength. The synthesized Na-g-C3N4/DyVO4 
nanocomposites display strong absorption in the visible region which may arise due to 
synergic interaction between DyVO4 and Na-g-C3N4. Above results indicate that DyVO4 in 
combination with Na-g-C3N4 is an excellent visible light sensitizer which may play an 
important role for efficient utilization of solar light radiation, which may be beneficial for the 
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improvement in photocatalytic performance for degradation of target molecules. The band 
gap energy of pure and synthesized composite materials are listed in Table 5.2.  
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Fig. 5.6 UV−Vis Absorption spectra of pure g-C3N4, DyVO4, Na-g-C3N4 and composites   
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Photocatalysts Band gap (eV) 
Pure DyVO4 2.33 
pure g-C3N4 2.70 
Na-g-C3N4 2.61 
5% g-C3N4/DyVO4 2.54 
10% g-C3N4/DyVO4 2.47 
15% g-C3N4/DyVO4 2.38 
20% g-C3N4/DyVO4 2.42 
                
 
Table 5.2 Band gap of pure g-C3N4, Na- g-C3N4, DyVO4 and different wt% of Na-g-
C3N4/DyVO4 nanocomposites  
 
5.6.7 Photoluminescence spectroscopic (PL) analysis 
Photoluminescence spectroscopy (PL) is an effective technique, which has received a greater 
attention in the field of photocatalysis and found to be a useful tool to reveal the migration, 
trapping, transfer and separation efficiency of photogenerated charge carrier in 
semiconducting materials upon irradiation. It is generally well acknowledged that 
recombination of photogenerated excited electron and hole pairs can release energy in the 
form of PL emission. Generally, a weaker PL emission intensity indicate lower 
recombination rate of photo excited electron hole pairs resulting higher photocatalytic 
activity 
51
. Fig. 5.7 shows the PL spectra of Pure DyVO4, g-C3N4, Na- g-C3N4 and different 
wt% of Na-g-C3N4/DyVO4 nanocomposite at an excitation wavelength of 310 nm at room 
temperature. All samples reveal similar broad luminescence peak centered at about 450 nm, 
which is assigned to n-π* electronic transition. Similar results have also been reported by 
other reserach group 
10
. The PL intensity of pure DyVO4, g-C3N4 and Na-g-C3N4 are found to 
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be higher than nanocomposites of Na-g-C3N4 and DyVO4 at all concentrations. The decrease 
in the PL intensities of composite materials as compared to pure form may be due to the 
formation of heterojunction leading to efficient separation of photogenerated electron hole 
pairs. The network structure of Na-g-C3N4 may act as an excellent platform for electron 
transport which may improve the charge transfer process 
52,53
.  
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Fig. 5.7 PL spectra of pure DyVO4, Pure g-C3N4, Na-g-C3N4 and different wt% of Na-g-
C3N4/DyVO4 nanocomposite 
 
5.7 Photocatalytic activity of synthesized photocatalyst by studying the degradation of 
Rodamine B (RhB), Methyl Orange (MO) and Methylene Blue (MB).  
(A) Photodegradation of Rodamine B (RhB)  
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The photocatalytic performance of synthesized pure and composites of Na-g-C3N4 and 
DyVO4 in different weight ratio was examined by studying the degradation of three 
representative dye derivatives such RhB, MO and MB in aqueous suspension under visible 
light illumination. The degradation was evaluated by measuring the change in the absorbance 
as a function of irradiation time using UV-Vis spectrophotometer. In a typical experiment an 
aqueous solution of  the dye such as RhB (0.02 mM, 180 ml) was irradiated in the presence 
of photocatalyst (1.2 g/L) using a tungsten halogen linear lamp (500 W) with constant 
stirring and bubbling of atmospheric air. The samples (5 ml) were collected at different time 
interval and analyzed using UV-Vis spectrophotometer after centrifugation. Fig. 5.8.1 (A) 
shows the change in absorbance with respect to time on irradiation of RhB over 15% Na-g-
C3N4/DyVO4 nanocomposite. It could be seen from the figure that the absorption peak at 
their max (553 nm) gradually decreases as a function of irradiation time followed by a blue 
shift in the maximum absorption peak indicating formation of intermediate products. Earlier 
results also indicate a blue shift at its max on irradiation of RhB in the presence of 40 wt % 
N-TiO2/g-C3N4 
54
. The result also indicate that 98% degradation of RhB dye take place after 
80 min. Fig 5.8.1 (B) shows the change in concentration of RhB dye as a function of time in 
the presence of pure g-C3N4, Na- g-C3N4, DyVO4 and composites with different weight ratios 
of Na-g-C3N4 and DyVO4. The results indicate that the photodegradation of RhB was found 
to increase with increase the weight content of DyVO4 from 5-15%. A further increase in 
DyVO4 concentration leads to decrease the photocatalytic activity of the composite. 
Significantly, 15% Na-g-C3N4/DyVO4 nanocomposite displays superior photodegradation of 
RhB among all composite as well as pure g-C3N4, Na-g-C3N4 and DyVO4 materials. The 
blank experiments were carried out by irradiating an aqueous solution of model pollutants in 
the absence of photocatalyst where no observable loss of compound could be seen under 
visible light irradiation.  
 
 
 
 
 
 
122 
 
350 420 490 560 630 700
0.0
0.3
0.6
0.9
1.2
1.5
60 min
80 min
45 min
30 min
15 min
A
b
so
rb
a
n
c
e
Wavelength (nm)
A 00 min
 
Fig. 5.8.1 (A) Change in absorbance on irradiation of an aqueous suspension of RhB (max = 
553) in the presence of 15% Na-g-C3N4/DyVO4 nanocomposite at different time interval  
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Fig. 5.8.1 (B) Change in concentration as a function of time on irradiation of an aqueous 
solution of RhB in the presence pure and nanocomposite 
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(B) Photodegradation of methyl orange (MO)  
The photocatalytic performance of prepared materials was also investigated by studying the 
degradation of other model organic dye such as MO. In a typical experiment an aqueous 
solution of MO (0.03 mM, 180 ml) was irradiated in the presence of catalysts (1.2 g/l) under 
analogous condition and the degradation was followed by UV-Vis spectrophotometric 
analysis. Fig. 5.8.2 (A) shows the change in the absorbance of dye as a function of irradiation 
time in the presence of 15% Na-g-C3N4/DyVO4 composite under visible light illumination. It 
could be seen from the figure that decrease in the absorption intensity takes place as the 
illumination time increases due to degradation of MO dye and decomposition of 
chromophoric group of dye which is responsible for the color of dye. Furthermore, there is 
little hypsochromic shift in the absorption maximum of dye on prolonge irradiation time. Fig. 
5.8.2 (B) displays the change in the concentration of MO versus irradiation time over pure g-
C3N4, Na-g-C3N4, DyVO4 and different weight % of Na-g-C3N4/DyVO4 composite. Very 
little degradation of dye was observed in the presence of pure DyVO4  however, pure g-C3N4 
and Na-g-C3N4 samples indicate appreciable degradation of dye under visible light 
irradiation. The photocatalytic activity of Na-g-C3N4/DyVO4 composite was found to be 
increase with increasing the concentration of DyVO4 nanorod from 5-15 %. However, a 
decrease in photocatalytic activity of the catalysts was observed for 20% concentration of 
DyVO4 nanorod. 15% Na-g-C3N4/DyVO4 composite present the best photocatalytic activity 
for degradation of MO dye and 75% degradation was achieved in 80 min.  
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Fig. 5.8.2 (A) Change in the absorbance on irradiation of an aqueous suspension of MO (max 
= 460) in the presence of 15% Na-g-C3N4/DyVO4 nanocomposite at different time interval 
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Fig. 5.8.2 (B) Change in concentration as a function of time on irradiation of an aqueous 
solution of MO in the presence pure and nanocomposite 
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(C) Photodegradation of Methylene Blue (MB) 
The photocatalytic activity of pure as well as composite with Na-g-C3N4 and DyVO4 was 
also evaluated by studying the degradation of MB (0.031 mM, 180 ml) under analogous 
conditions. The degradation of MB was investigated by measuring the change in absorbance 
(max 663) as a function of irradiation time using UV-Vis spectrophotometric analysis. Fig 
5.8.3 (A) present the change in absorbance of MB dye at different time interval in the 
presence of 15% Na-g-C3N4/DyVO4 hybrid under visible light irradiation.  As observed from 
the Fig 5.8.3 (A) the main absorption peak of MB decrease gradually upon extending the 
irradiation time followed by fading in the color of dye solution, which may be attributed to 
decomposition of chromophoric group present in the dye. In addition to this a blue shift in 
the maximum absorption band also takes place, indicating the formation of intermediate 
products. Fig 5.8.3 (B) shows the change in MB concentration as a function of irradiation 
time in the presence of pure as well as different wt% of composite. The degradation of MB 
was found to increase as the wt% DyVO4 nanorod increases from 5-15%. However, further 
increases in the DyVO4 concentration lead to decrease in the photocatalytic efficiency of 
composite. Significantly, 15% Na-g-C3N4/DyVO4 hybrid indicates highest degradation of 
MB among all composite as well as pure g-C3N4 Na- g-C3N4 and DyVO4 respectively. The 
result indicates that 100% decolorization of MB dye take place after 80 min.  
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Fig. 5.6.3 (A) Change in the absorbance on irradiation of an aqueous suspension of MB (max 
= 664) in the presence of 15% Na-g-C3N4/DyVO4 nanocomposite at different time interval 
Fig. 5.8.2 (B) Change in concentration as a function of time on irradiation of an aqueous 
solution of MB in the presence pure and nanocomposite 
 
5.7.1 Possible mechanism for enhanced photocatalytic performance of g-C3N4/DyVO4 
hybrid composite  
Above results indicate that the photocatalytic activity of Na-g-C3N4/DyVO4 composite were 
found to increase with the increase in wt % of DyVO4 from 5 - 15%. However, further 
increase in wt % of DyVO4 in Na-g-C3N4/DyVO4 hybrid lead to decrease the efficiency of 
photocatalyst for decomposition of dyes under investigation. The superior photocatalytic 
performance of synthesized composite depends upon different factors such as band gap, 
phase structure, surface area, adsorption ability and efficient separation of photogenerated 
charge carriers. The decrease in photocatalytic activity of 20% Na-g-C3N4/DyVO4 
nanocomposite may be due to agglomeration of DyVO4 rod in the hybrid, leading to 
destruction of heterojunction between DyVO4 and Na-g-C3N4. The band gap of composite 
were found to decrease with the increase in wt % of DyVO4  as shown in Table 5.2, which 
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may intern increase the possibility of absorption of more visible light for generation of 
electron hole pair. In addition to this the adsorption- desorption experiment was also conduct 
in dark to find out the adsorption ability of pollutants on the surface of photocatalysts. The 
results indicate that more adsorption of pollutants takes place on the surface of 15% Na-g-
C3N4/DyVO4 composite; it may be due to higher surface area of composite as inferred from 
BET analysis. The PL analysis results shown in Fig. 5.7 present that the PL intensity of 15 % 
of Na-g-C3N4/DyVO4 composite is lower than the pure DyVO4 and Na-g-C3N4, indicating 
lower recombination rate of photogenerated e/h
+
 in case of composite than pure form leading 
to efficient separation of photogenerated e/h
+
 pairs which may be responsible for superior 
photocatalytic activity of composite for degradation of dyes under visible light irradiation. 
However, the separation efficiency of photogenerated e/h
+
 also confirmed by band potentials 
of both semiconductors. 
 The band gap edge potential of the valence band and conduction band of Na-g-C3N4 
and DyVO4 were measured using following equations 
55
.  
E0VB = X - Ee + 0.5Eg
E0CB = E
0
CB - Eg
(1)
(2)
 
Where X is the electronegativity of semiconductor, which is the geometric mean of the 
electronegativity of the constituent atoms; (X value for g-C3N4, Na-g-C3N4 and DyVO4 are 
4.72 
56
 5.49
57,58
 and 5.63 eV 
59
 respectively), Ee is the energy of free electrons on the 
hydrogen scale (4.5 eV) 
60
 and Eg is the band gap energy of semiconductor. The calculated 
VB and CB edge potentials of Na-g-C3N4 are 2.29 and 31 and that of DyVO4 are 1.96 and 
0.37 eV vs NHE, respectively. The band structure of semiconductors is greatly responsible 
for efficient separation of photogenerated e/h
+
 pair as well as higher photocatalytic activity of 
composite. Therefore, On the basis of above mention results and discussion, a possible 
synergistic mechanism for superior photocatalytic activity of DyVO4/Na-g-C3N4 
nanocomposite is tentatively proposed and schematically exhibited in scheme 5.1. On 
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absorption of light of energy equal to or greater than band gap of DyVO4 and Na-g-C3N4 
semiconductors, excitation of electrons from VB to the CB takes place leaving behind an 
electron vacancy or “hole” in the VB. Since the CB edge potential of DyVO4 (0.37) is more 
negative than Na-g-C3N4 (0.31), therefore the photogenerated electrons on DyVO4 can 
readily be transfer to CB of Na-g-C3N4 and the photogenerated hole in VB of Na-g-C3N4 can 
be transferred to VB of DyVO4 via well-developed close interfacial connection. Thus, the 
photogenerated e/h
+ 
pairs can be efficiently separated at the interface heterojunction, which 
can intern reduce the recombination rate of photogenerated charge carrier. As a result large 
number of electrons is accumulated on the surface of Na-g-C3N4 and holes on DyVO4 
surface, which may promote the photocatalytic reactions for the degradation of dyes under 
investigation. The accumulated electrons in Na-g-C3N4 are good reducing agent which can 
reduce the dissolved oxygen (O2) to generate active superoxide radical anion (O2
•) because 
the CB edge potential of Na-g-C3N4 (0.31) is more negative than standard redox potential of 
oxygen (E
0 
(O2/O2
•) = 0.28 V vs NHE). The hole in VB of DyVO4 cannot oxidized H2O 
and 

OH to generate the strong oxidizing species (
•
OH) because the VB edge potential of 
DyVO4 is lower (1.96) than water (E
0 
( OH/H2O) = 2.68 V vs NHE) and 

OH (E
0 
(
OH/

OH) = 1.99 V vs NHE) 
41,51
. Hence, the photogenerated hole (h
+
) in the VB of DyVO4 
could directly oxidize the absorbed pollutants due to its strong oxidation power. Since most 
of the holes are transferred to VB of DyVO4 from VB of Na-g-C3N4. However, some un-
transferred hole in the VB of Na-g-C3N4 sheet can react with 

OH to produce 
•
OH radicals. 
The major pathway for degradation of organic pollutants under visible light illumination is 
described as follows: 
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DyVO4/Na-g-C3N4
h
DyVO4 (e + h
+)    +  Na-g-C3N4 (e + h
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DyVO4 (e + h
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Scheme 5.1 Schematic diagram for separation and transfer of photogenerated e/h
+
 pair at 
DyVO4/Na-g-C3N4 heterojunction interface showing the possible mechanism for degradation 
of pollutants under visible light irradiation.  
5. 8 Conclusion  
In summary, novel Na-g-C3N4/DyVO4 hybrid nanocomposites have been successfully 
synthesized by using a facile ultrasonicated self-assembly method through introduction of 
heterojunction between two phases. The prepared Na-g-C3N4/DyVO4 nanocomposite exhibit 
superior photocatalytic performance for degradation of different dyes as compared to pure g-
C3N4, Na- g-C3N4 and DyVO4 nanorod under visible light illumination. The enhanced 
photocatalytic activity of synthesized composite may be attributed to efficient separation of 
photogenerated e/h
+
 pair originated from heterojunction between Na-g-C3N4 and DyVO4. 
The formation of heterojunction between Na-g-C3N4 and DyVO4 was supported by XRD, 
TEM, FTIR, BET, UV-VIS and PL analysis. Therefore, Na-g-C3N4/DyVO4 nanocomposite is 
a promising photocatalytic material for environmental remediation. The present work 
provides a stepping stone towards green practical application for degradation of pollutants 
under visible light source.  
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